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ABSTRACT 
 
Neural electrodes are a valuable tool that allows neuroscientists to monitor the neural 
activity of the brain with great spatial and temporal resolution. Micro and nanotechnology has 
allowed the development of high-density neural electrode arrays. 
In the present work, two different materials were used to perform neural arrays, namely 
silicon and aluminum.  The main objective was the ability to reach areas of the brain between 
2 mm and 4 mm deep due to its importance in small animal models such as the rat. In such 
animals, important brain structures such as the hippocampus are situated in this range of depth. 
Another key objective was the fabrication of probes with high-aspect-ratio in order to minimize 
tissue displacement and consequent adverse reactions caused by implantation. 
Four different prototypes each using a specific fabrication approach, were performed and 
described in detail. Two of these prototypes were performed with aluminum while the other two 
were performed with silicon. Standard microfabrication processes such as dicing, wet-etching, 
physical vapor deposition, and non-standard processes such as thermomigration, aluminum 
anodizing, polymer casting, and sanding were used. The combination of these standard and non-
standard processes allowed a simpler and cheaper fabrication approach when compared with 
commercially available arrays.  
The first aluminum prototype was composed by 100 micropillars with a gold electrode at 
each tip. The aluminum micropillars were encapsulated by aluminum oxide and were 3 mm long 
with an aspect-ratio of 12:1. The second version was composed by 25 micropillars encapsulated 
with medical grade epoxy each with a platinum electrode at the tip. Each micropillar was 3 mm 
long with an aspect-ratio of 19:1. The first silicon prototype was composed by 100 silicon 
micropillars, each 3 mm long with an aspect-ratio of 5:1. The second version was composed by 
36 silicon micropillars encapsulated with medical grade epoxy, each with a platinum electrode at 
the tip. Each micropillar was 4 mm long with an aspect-ratio of 22:1. A slanted version of the 
second prototype was also fabricated, allowing progressively increasing penetration depths.  
Mechanical characterization was performed by implantation in agar gel and porcine 
cadaver brain while electrical characterization was performed by electrochemical impedance 
tests as well as cyclic voltammetry. 
Overall, aluminum showed to be a suitable alternative to silicon in terms of structural 
material. Also, a dicing based approach proved to be a cost-effective method able to perform 
high-aspect-ratio neural arrays. 
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RESUMO 
Os elétrodos neuronais são uma ferramenta que proporciona aos neurocientistas a 
capacidade de monitorizar a atividade neuronal do cérebro com uma grande resolução temporal e 
espacial. As micro e nanotecnologias proporcionaram o desenvolvimento de matrizes de 
elétrodos neuronais com alta densidade. 
No presente trabalho dois materiais foram usados para fabricar matrizes de elétrodos 
neuronais, nomeadamente o silício e o alumínio. O objetivo principal foi a capacidade de chegar 
a zonas do cérebro entre os 2 mm e 4 mm de profundidade devido a sua importância em modelos 
animais de pequeno porte como o rato. Nestes animais, estruturas cerebrais importantes como o 
hipocampo estão situadas nesta gama de profundidades. Outro objetivo chave foi o fabrico de 
elétrodos com alta razão de aspeto, de forma a minimizar a compressão de tecido neuronal e 
consequentes reações adversas causadas pela implantação. 
Quatro protótipos, cada um utilizando um tipo de fabrico específico foram desenvolvidos 
e descritos em detalhe. Dois desses protótipos foram fabricados com alumínio, enquanto os 
outros dois foram feitos em silício. Foram usados processos de microfabrico standard como 
corte com disco, corrosão química, deposição de filmes finos, e também processos não standard 
como termomigração, anodização do alumínio, molde de polímeros e lixamento. A combinação 
de processos standard e não standard permitiram uma abordagem de fabrico mais simples e 
barata quando comparada com a abordagem utilizada em elétrodos comercialmente disponíveis. 
O primeiro protótipo de alumínio foi composto por 100 micropilares com um elétrodo de 
ouro na ponta. Os micropilares de alumínio foram encapsulados com óxido de alumínio e tinham 
3 mm de comprimento resultando numa razão de aspeto de 12:1. A segunda versão foi composta 
por 25 micropilares encapsulados com epóxi biocompatível, cada com um elétrodo de platina na 
ponta. Cada micropillar tinha 3 mm de comprimento com uma razão de aspeto de 5:1. O 
primeiro protótipo de silício foi composto por 100 micropilares de silício, cada com 3 mm de 
comprimento e com razão de aspeto de 5:1. A segunda versão foi composta por 36 micropilares 
de silício encapsulados com epóxi biocompatível e cada com um elétrodo de platina na ponta. 
Cada micropillar tinha 4 mm de comprimento resultando numa razão de aspeto de 22:1. Uma 
versão inclinada do segundo protótipo também foi fabricada, permitindo profundidades de 
penetração progressivas. 
A caracterização mecânica foi feita através de implantações em gelatina de agar e em 
cérebro de porco, enquanto a caracterização elétrica foi feita através de testes de impedância 
eletroquímica assim como testes de voltametria cíclica. 
No geral, o alumínio demonstrou ser uma alternativa viável ao silício em termos de 
material estrutural. A abordagem baseada no corte com disco provou ser um método económico 
capaz de realizar matrizes de elétrodos neuronais de grande razão de aspeto. 
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 Chapter 1 
1 Introduction 
Introduction 
Luigi Galvani’s pioneer work opened an era of discoveries in bioelectricity. 
Technological advancements such as the metallic electrodes served as an invaluable tool in the 
discovery and understanding of the nervous system functions. The electrodes not only enabled 
many discoveries in electrophysiology but also became a medical tool for treating some 
neurological disorders. Deep brain stimulation has become an accepted treatment for Parkinson’s 
disease and essential tremor, with over 100,000 patients having received these implants 
worldwide [1]. Another widespread neuro-engineering technology is the cochlear implant, so far 
allowing the recovery of hearing of more than 320,000 patients worldwide [2]. Encouraged by 
these achievements, unprecedented resources are being provided to study the brain through big 
research projects such as: the BRAIN initiative proposed by the Obama administration [3], the 
Human Brain Project by the European Commission [4], and Revolutionizing Neuroprosthetics 
by the Defense Advanced Research Projects Agency (DARPA) [5]. The development of new 
neural probes supported by a deep understanding of the nervous system will allow further 
advancements in the brain’s undiscovered physiology in health and illness, and also a reliable 
and long lasting electronic interface with it. 
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1.1 The nervous system 
The nervous system is responsible for coordinating voluntary and involuntary actions and 
also for the transmission of signals between different parts of the body. It consists of two main 
parts, the central nervous system (CNS) and the peripheral nervous system (PNS). 
The CNS is composed by the brain and the spinal cord [6]. The spinal cord is responsible 
for receiving and processing sensory information from the skin, joints, muscles of the limbs and 
trunk, and also responsible for the control of the movements of these body parts. The brain is 
responsible for receiving sensory information from the skin and muscles of the head as well as 
providing the motor control for the muscles of the head. It regulates levels of arousal and 
awareness, processes information from the hearing, balance, and taste. It controls the digestion, 
breathing, heart rate, force, learning of motor skills, coordination of visual and auditory reflexes, 
regulates autonomic, endocrine and visceral functions, memory storage, reasoning, among 
others [7]. 
The brain regions responsible for our cognitive abilities are primarily in the cerebral 
cortex and also in the hippocampus and amygdala. The cerebral cortex is the outermost layered 
structure of the brain and is responsible for functions such as planning future actions, control of 
movement, vision processing and hearing (Figure 1.1). The hippocampus and the amygdala are 
situated below the cortex and play an important role in learning, memory and emotions [7].  
 
Figure 1.1: Illustration of a sagittal slice of a human brain. Some important structures are labeled (adapted from [8]). 
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The PNS is composed of spinal nerves, cranial nerves, autonomic nerves and supporting 
cells. These nerves usually contain different combinations of axons, motor neurons and sensory 
neurons [9]. The main function of the PNS is to connect the central nervous system (CNS) to the 
limbs and organs, essentially serving as a communication pathway between the brain and the 
extremities.  
 
Figure 1.2: Illustration of the CNS and the PNS, note that the CNS is composed by the brain and the spinal cord 
(reprinted from [10]). 
1.1.1 Signal Conduction in the Brain 
The entire nervous system is composed of neurons, which are characterized by their 
ability to receive, conduct and transmit signals in the form of electrical impulses (action 
potentials). A neuron has a cell body with its nucleus and organelles that support its functions 
and processes. Dendrites are the numerous short structures that carry an action potential toward 
the neuron’s cell body, and an axon is a long structure that carries the action potential away from 
the cell body. One neuron communicates with other neurons and also other cells through an 
electrochemical structure called the synapse. These structures can be classified in two major 
groups: chemical and electrical synapses. In the chemical synapses communication is performed 
between an axon and a dendrite with the aid of neurotransmitters, while in electrical synapses the 
electrical signal is directly transmitted between dendrites through structures called gap junction 
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channels. Axons are typically sheathed with concentric layers of a lipid-rich material called 
myelin, which acts as an electrical insulator between the nerve and the surrounding environment. 
The myelinated sheath is periodically interrupted by segments lacking myelin, called the nodes 
of Ranvier, which allows the saltatory conduction. Due to this type of conduction, myelinated 
axons transmit impulses much faster than non-myelinated axons. The CNS regions that contain 
myelinated axons are termed white matter because myelinated nerves appear white in color, 
whereas the portions of the CNS composed mostly of nerve cell bodies appear gray and are 
therefore called gray matter [6].  
 
1.1.2 The action potential 
The action potential is a short-lasting event in which the electrical membrane potential of 
a cell rapidly rises and falls, following a consistent trajectory (Figure 1.3a). The membrane 
potential is the difference in voltage between the inside and the outside of a neuron caused by the 
different concentration of ions. These action potentials are also known as “spikes” and reflect the 
electrical activity of a single neuron. 
 Action potentials are generated mainly by the flow of ions through voltage-gated sodium 
and potassium channels embedded in the cell's membrane (Figure 1.3b). Both sodium and 
potassium channels are shut when the membrane potential is near the resting potential of the cell 
(approximately -70 mV) until the moment when the membrane receives an electrical stimulus. If 
this stimulus is strong enough the sodium channels start to open and the membrane potential 
increases over the threshold value (approximately -55 mV). This allows an inward flow of 
positively charged sodium ions, leading to the depolarization of the membrane. The process 
proceeds until all of the available ion channels are open, resulting in a large upswing in the 
membrane potential. This potential rises until it reaches a peak potential of approximately 
40 mV, which is almost equal to the Sodium equilibrium potential.  The rapid influx of sodium 
ions causes the polarity of the plasma membrane to reverse, and the ion channels rapidly 
inactivate. As the sodium channels close, sodium ions can no longer enter the neuron, and are 
progressively transported out of the plasma membrane. At the same time potassium channels are 
activated, and there is an outward flow of potassium ions, leading to the repolarization of the 
membrane. After repolarization of the membrane, there is a transient negative shift, called the 
after hyperpolarization or refractory period, due to additional potassium flow of ions. This is the 
mechanism that prevents an action potential from traveling back the way it came.  
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Figure 1.3: Action potential and voltage-gated channels with key moments highlighted. (a) Plot of an action potential, (b) Ion 
channels states (adapted from [11]). 
 
1.1.3 Recording of Action Potentials 
The action potential is of fundamental importance to better understand the mechanisms 
by which neurons communicate and process information. An action potential can be measured 
extracellularly with the aid of an electrode. When this electrode is placed in the vicinity of a 
firing neuron it can measure the electric potential difference between itself (recording 
electrode) and a distant electrode (reference electrode). The shape of the acquired signal will be 
inverted and its amplitude significantly smaller than the transmembrane potential.  This electrical 
potential difference is typically between 50 and 500 µV in amplitude and has a duration between 
1 and 10 ms [12]. This electrical potential difference can be acquired, amplified and 
processed with the aid of electronic instrumentation. The waveform of extracellular recorded 
signals have an inversed polarity when compared to the transmembrane action potential because 
it measures the difference in potential between the vicinity of the axon and the extracellular 
medium (Figure 1.4) [13].  
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Figure 1.4: Measurement of an action potential with a extracellular microwire electrode (adapted from [14]). 
It is also possible to record the sum of action potentials from a small volume of neural 
tissue with a single electrode. This kind of recording is known as local field potential (LFP) and 
requires an electrode with lower impedance than the single-unit recording electrodes. Due to 
their low impedance, these electrodes can record from all neurons that are situated within a 
radius of a few hundred micrometers away from the recording site. After undergoing a low-pass 
filter, the acquired signal can provide invaluable information about cortical functions [15].  
1.2 Neural Probes 
Neural probes usually consist of a support structure and a metallic interface that can 
transduce bioelectrical signals into electrical signals and vice versa. These probes can be made of 
different materials and also have different shapes and sizes, according to their application and 
target area. They can help physicians in the treatment of neurological disorders such as 
Parkinson’s disease, essential tremor, epilepsy and other disorders [16]. Some probes are meant 
to be implanted inside the cortex and are known as intracortical probes. Recently, these probes 
have been used in clinical trials for the restoration of movement control from patients with 
paralysis when the motor cortex is disconnected from the muscles, this application is also known 
as brain machine interfaces (BMI) [17]. They have also been an invaluable tool for neuroscience 
research, providing insight on motor control, memory formation and other brain processes [18]. 
These probes can be classified according to their fabrication methods and design.  
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1.2.1 Microwire probes 
Microwire probes enabled the first recording of action potentials in living animals in the 
1950s [19]. Nowadays they are used on a variety of applications, especially as a research tool for 
neuroscience [20]. They consist of a metallic wire, typically made of tungsten or platinum-
iridium (Pt-Ir) alloys, and an encapsulation layer of a biocompatible polymer (e.g. Teflon, 
Polyimide and Parylene-C). These wires have very small dimensions, ranging from 30 to 50 µm 
in diameter and many millimeters in length. The encapsulation layer has a very thin thickness 
ranging from 1 to 3 µm [20]. These microwires can be assembled in arrays, enabling the 
recording of hundreds of action potentials (Figure 1.5a) [21]. They are the cheapest and most 
simple type of probes, many times being manually assembled [22]. Enabled by the development 
of microfabrication technology, advances have been made in the manufacturing process of these 
types of probes (Figure 1.5b). These advances allowed better control of the length, thickness and 
spacing of the microwires, and also the use of new types of materials with improved 
characteristics for encapsulation [23]. Materials such as conductive polymers have also been 
developed to replace the traditional metallic wires [24]. These polymers allow wires with smaller 
dimensions, better mechanical match to the brain tissue and better biointegration. Microwire 
probes have some limitations, particularly when assembled on an array format. Their assembly 
process increases considerably the cost of production and decreases the reproducibility yield. 
The resulting arrays usually have bulky connectors to the external electronic instrumentation. 
  
  
(a) (b) 
Figure 1.5: Example of two microwire arrays. (a) High-density microwire assembly (reprinted from [25] with permission from 
The National Academy of Sciences). (b) Tungsten microelectrode array (reprinted from [23] with permission from 
Elsevier). 
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1.2.2 Planar Probes 
With the advancement of microfabrication technology, a new kind of neural probe was 
developed in the early 1970s [26]. This probe was proposed to overcome limitations in terms of 
reproducibility and precision of microwire electrodes by introducing industrial manufacturing 
technologies on the fabrication process. These probes were based on a silicon (Si) substrate, used 
gold as the electrode material and glass for encapsulation. Each probe was composed by a 
needle-like structure with a planar profile usually called a shank (Figure 1.6a). On the surface of 
the shank, three electrodes capable of recording and stimulating were patterned. The Si structure 
was fabricated by selectively removing the undesired areas. Afterwards, the electrodes and the 
interconnecting leads were patterned over the structure surface. The final step was the deposition 
of a thin layer of glass on top of the entire structure except on the electrodes’ areas (Figure 1.6a). 
Due to the posterior advancements on microfabrication technology led by the 
semiconductor industry, many improvements were made to this type of probe in terms of size, 
design and materials employed. Currently, probes with tens of electrodes on each shank are 
possible. Although many modern probes still use Si as the substrate material, other more flexible 
and biocompatible materials have been employed (polyimide, SU-8 and Parylene-C) [27,28]. 
The electrodes are usually made of a metallic thin-film with high-charge capacity (Pt, Pt black 
and iridium oxide) [29].  These materials can be deposited over the substrate with great precision 
(below 1 µm) and with a defined pattern using a process called photolithography. Typically, the 
final step is to encapsulate the probe with an electrically insulating and biocompatible 
material [27]. Recently, an external layer made of bioresorbable materials has been added to the 
encapsulation layer in order to improve the shanks’ stiffness and biocompatibility. Materials 
such as modified starch, maltose and silk fibroin have been successfully tested [30,31]. This type 
of probe relies on planar microfabrication technology, which has the advantage of allowing batch 
fabrication. Tridimensional arrays have also been developed through the assembly of layers of 
two-dimensional comb-like structures (Figure 1.6b). These structures are precisely stacked using 
micromanipulation methods. Using this methodology, it has become possible to assemble a 
tridimensional array with 256 recording electrodes on a single probe [32]. Other advancements 
include the addition of microfluidic channels in the shank, and optical capabilities, either by 
assembling optical fibers or micro-light-emitting diodes [33,34]. Probes with the ability to emit 
light inside the brain are used to an emerging field called ontogenetics. When assembled on a 
tridimensional format, this type of probe continues to have high reproducibility rates however 
the fabrication yields decrease. Another limitation is that, when in a tridimensional format, these 
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probes are limited to 2 mm long shanks, which only allow reaching cortical areas of the 
brain [35]. 
  
 
 
(a) (b) 
Figure 1.6: Microelectrodes performed by planar microfabrication processes. (a) General structure of a thin-film 
microelectrode probe, also known as shank. (b) Tridimensional assembly of an array (both pictures were reprinted 
from [35] with permission from IEEE). 
1.2.3 Tridimensional probes 
This kind of probe was developed in the early 1990s with the objective of recording 
signals from the visual cortex of cats [36]. They were developed at the University of Utah and 
are currently known as the Utah Array (Figure 1.7a). The array is composed of 100 Si shanks, 
each with an electrode at the tip. The shanks are made of Si and are insulated from each other 
with glass. Each shank is 1.5 mm long and 86 µm wide at the base and has a metallic electrode at 
the tip, which is usually platinum. The shank itself is insulated with a biocompatible polymer 
(Polyimide). Silicon is used as the electrical pathway between the electrodes at the tip and the 
contact pads at the bottom. The Si is heavily doped with Boron in order to have a good electrical 
conductance (on the order of milliohms per centimeter) in order to maintain the signal quality 
within acceptable limits. Although based on Si, the fabrication process of the Utah array is 
unique, since it does not rely on the assembly of planar structures. The fabrication process begins 
with a 2 mm thick Si wafer from which the shanks are carved from. In order to do this, a 
combination microfabrication steps such as dicing and wet-etching is employed. These 
techniques will be described in the next chapter. Another popular design is the Utah Slanted 
Electrode Array (USEA), which uses similar fabrication processes and materials. The USEA has 
different penetrating lengths along the probe (Figure 1.7b). This slanted design is intended for 
recording from nerve fibers of the PNS [37]. A smaller and higher density version of the USEA 
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has been developed to target small structures in the sciatic and pudendal nerves of cats [38]. New 
materials have been used for the probe structure, such as polydimethylsiloxane (PDMS). This 
polymer of the silicone family has been used instead of glass to add flexibility to the array. The 
mechanical characteristics of the probe allow it to envelop nerve fibers [39]. These types of 
probes benefit from the high reproducibility rates that Si microfabrication technology offers. 
Despite many mechanical advantages, Si also has some limitations. It is a brittle material that can 
break during insertion. It also has a hardness many orders of magnitude above the brain, which 
can cause tissue damage due to mechanical mismatch [40]. Moreover, these probes are also 
limited to recording/stimulating cortical regions, since the shanks have a maximum penetration 
length of 2 mm. 
  
  
(a) (b) 
Figure 1.7: Tridimensional probes developed at university of Utah: (a) Utah electrode array (reprinted from [41] with 
permission from Springer Science and Business Media); (b) Utah slanted electrode array (reprinted from [42] with 
permission from Macmillan Publishers Ltd). 
1.2.4 Neurotrophic probe 
The neurotrophic probe was initially developed by Kennedy et al. in the late 1980s with 
the aim of achieving long-term in vivo recordings [43]. These probes have been able to 
continuously record in human patients for a period of four years [44]. They are made of glass 
and have the shape of a cone. The probe is manually fabricated by heating and pulling a glass 
micropipette, forming a very thin tube with a conical shape at its tip. After detaching the conical 
tip, three to four gold wires are glued inside it (Figure 1.8a). Finally, the resultant cone is filled 
with nerve growth factors. The nerve growth factors enable the nearby neurons to project axons 
and dendrites into the cone, allowing the gold electrodes to record their action potentials. With 
the goal of increasing the number of recording electrodes inside the cone, a new microfabricated 
probe has been recently developed [45]. This probe was developed using planar processes and 
used the flexibility of its substrate material to have a conical shape (Figure 1.8b). Although 
having good biointegration capabilities, this type of probe usually has high manufacturing costs 
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and low reproducibility yields due to the manual nature of the fabrication method. They also 
have lower densities of electrodes when compared to all previously mentioned types of probes. 
  
 
 
(a) (b) 
Figure 1.8: Neurotrophic probe. (a) Close-up of the glass cone tip with the microelectrodes glued inside (reprinted from [44] 
with permission from Elsevier). (b) Microfabricated neurotrophic electrode (reprinted from [45] with permission 
from The Royal Society of Chemistry). 
 
1.3 Motivation and Objectives 
Tridimensional neural probes are increasingly showing their great potential as a research 
tool for neurophysiology as well as a tool for advanced prosthetics and for future treatments of 
different types of paralysis [42]. These probes have been an essential element in the ground-
breaking discoveries of how populations of neurons interact, process and store information [22]. 
This knowledge has been indispensable for the development of BMIs [46]. A great investment is 
being made by DARPA to advance such probes in order to restore the function of soldiers with 
lost limbs during war [5]. These high-density probes are limited to interact with superficial 
structures of the brain such as the cerebral cortex. However probes with longer shanks could 
reach deeper structures of the brain and offer new insights on their functioning. The 
hippocampus is a key structure in the brain that plays important roles in the memory and spatial 
navigation. In order to access areas of the brain below the cortex is of great importance, since 
areas such as the hippocampus and the amygdala have a key role in learning, memory formation 
and spatial navigation [7]. New fabrication processes need to be investigated in order to develop 
high-density tridimensional probes that can achieve deeper brain structures than current ones. 
Also the use of different materials such as aluminum could introduce new capabilities to the 
array, since it has the mechanical properties needed for implantation without bending or 
breaking, and also offers excellent electrical properties for conducting neural signal from the 
electrode to the exterior without significant signal attenuation. 
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For the present work, the following goals are proposed: 
• A tridimensional fabrication process without the need of assembling components.  
• An array with high-fabrication rates and low production costs.  
• A methodology that allows the fabrication of high-density probes with 4 mm long 
and 150 µm wide Si shanks that are able to reach structures like the hippocampus 
of rats.  
• A slanted probe that can reach several layer of the brain cortex (Figure 1.9a). 
• The development of high-density tridimensional probes that use aluminum as 
structural material (Figure 1.9b).  
 
The fabrication process will rely mainly on subtractive techniques on a block of the 
substrate material (aluminum or silicon), natively producing a tridimensional structure that 
avoids assembly processes. By simplifying the production and avoiding advanced 
microfabrication techniques it is possible to increase fabrication rates and reduce costs. 
In order to process high-aspect-ratio shanks a new dicing methodology will be applied. 
This methodology allows the manufacture of shafts with various lengths in the same probe. 
Deeper structures can be precisely targeted by mounting the array on a stereotaxic apparatus. 
A tridimensional aluminum structure will be performed by using new sawing blades to 
perform the dicing process.  
 
  
  
(a) (b) 
Figure 1.9: Proposed arrays. (a) Slanted Si array. (b) Aluminum array. 
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1.4 Organization of the thesis 
This chapter introduced the neuroanatomy of certain specific structures of the brain, the 
neurophysiological principles of action potentials and their recording, and also a concise and 
complete review on current state-of-the-art probes. Chapter 2 introduces the manufacturing 
technologies used, describes the proposed design for the neural array, and describes some 
materials and their use for neural probes. Chapter 3 and 4 discusses the fabrication of the 
aluminum and silicon arrays respectively, describing each fabrication step in detail and pointing 
out the achieved solutions to overcome some processes’ limitations. The evolution of the 
prototypes and fabrication methods are also addressed in these two chapters. Chapter 5 describes 
the mechanical characterization of the arrays and the electrochemical characterization of the 
electrodes. Finally in Chapter 6, a few conclusions are summarized and recommendations for 
future work are pointed out. 
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2 Design, Materials and Methods 
Design, Materials and 
Methods 
Neural arrays can have different designs according to their application. Among these 
designs, the tridimensional array demonstrates a great ability to precisely and simultaneously 
read from multiple regions of interest. Before fabricating such an array, important parameters 
such as geometrical, electrical and chemical properties need to be addressed. 
 The main geometrical parameters to have into account when designing the array are the 
density of electrodes, implantation depth, and aspect ratio of the shanks. There should also be a 
careful reflection on the materials to be applied on the array, as they need to perform 
mechanically, electrically and chemically in accordance with certain requirements. The design 
and the materials used are interrelated because the material properties can limit the design 
characteristics and, at the same time, the design may prevent the use of certain materials. The 
available technologies need to be wisely selected, in order to have a cost-effective and 
reproducible array. These technologies are also dependent on the selected design and materials, 
since not all geometric features are possible to be produced nor all materials can be 
manufactured with current microfabrication technologies. The correct combination of these three 
parameters will lead to the successful fabrication of the array. 
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2.1 Design of the Array 
The tridimensional design is of great value as a neuro-research tool. One of the 
underlying principles is that even the simplest of behaviors depends on the interaction of a large 
population of neurons. A device that has many recording sites overcomes the limitation of 
recording single neurons, and allows the recording of concurrent time-dependent interactions 
between large populations of neurons. These interactions are essential for the understanding of 
processing and storing information [1].  
Tridimensional arrays, such as the Utah array, have proven to be the most successful 
design for implantable neuroprostheses due to the ability of recording simultaneously from 
multiple neurons with a precise spacing, high-density, and due to the longevity of recording even 
in human subjects [2]. 
The design should comply with the following general requirements: 
• Be robust enough to withstand implantation process
• Allow chronic recordings
• Be compatible with standard microfabrication technologies
• Allow the implementation of high-reproducible processes and batch fabrication
• Avoid the use of advanced microfabrication techniques using instead simpler and 
more cost-effective solutions
The fabrication process should be flexible enough to produce arrays for various 
applications such as recording of action and local field potentials, and stimulation of excitable 
tissue. This flexibility implies the possibility to adjust important parameters that are required for 
each specific application. 
2.1.1 Design parameters 
The requirements for neural recording and stimulation will define the tridimensional 
array characteristics. The main parameters to be defined are the density and depth of electrodes, 
and aspect ratio of the shank. Besides these parameters it is important to have in mind the 
available fabrication processes.  
The density of electrodes is defined as the spacing between electrodes. For high-density 
applications, i.e. applications where a great amount of neurons are sought, it needs a high-density 
array. There are two types of signals that are targeted, the local field potential, which is the sum 
of the extracellular activity of many neurons in the vicinity of an electrode, and the single units, 
which refer to the activity only one neuron at a time. 
18/115 
High-Aspect-Ratio Tridimensional Electrode Arrays for Neural Applications Chapter 2 
 
 Local field potentials are generally a localized phenomenon with a maximum radius of 
influence of approximately 500 µm. This means that electrodes with 1000 µm spacing between 
them are able to interact simultaneously with two adjacent local field potentials (Figure 2.1a) [3].  
The interaction with individual neurons requires very short distances, generally below 
20 µm between the electrode tip and the neuron itself (Figure 2.1b) [4]. Ideally a neural array 
should interact with every individual neuron from a target volume of the brain, but in practical 
terms, this is not viable due to current technology limitations.  
The proposed fabrication approach should allow designs with an interelectrode spacing of 
1000 µm for interaction with adjacent local field potentials and also smaller spacing for high-
density interaction with single units.  
 
Figure 2.1: Distance between electrodes and neurons. (a) Recording from two adjacent local field potentials. (b) Recording 
from a single neuron. 
 
Usually neural arrays are tested on animal models for research purposes. Animals such as 
rats are frequently used in neuroscience as a suitable model for behavioral studies and 
neurological deficits [5,6]. The array should target two cerebral structures of interest, namely the 
cortex and hippocampus, which are linked to learning and memory [7]. In rats, the cortex has an 
approximate maximum depth of 1.8 mm, while below it, the hippocampus can reach 
4.4 mm [8,9]. These depths will define the range of lengths that the electrode should have. The 
electrodes must reach a minimum of 1.8 mm to cover all cortical layers, while superior lengths 
are desired to reach hippocampal structures (Figure 2.2).  
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Figure 2.2: A coronal slice of the rat brain with correspondent stereotaxic references. The area highlighted with yellow 
represents the hippocampus. The depth of interest is limited by two dashed lines. Adapted from [9].   
The aspect ratio of the shank is defined by the relation between its cross-section and 
length. This relation is important since it defines the volume of neural tissue displaced after 
implantation. In order to displace a minimal amount of neural tissue, it is necessary to have 
shanks with a small cross-section. Commercially available probes for neural recording and 
stimulation usually have diameters ranging from 30 to 250 µm for neural recording [10–12]. The 
width of the proposed shanks should not exceed 250 µm in order to avoid massive tissue 
trauma [12]. Based on the minimum length and width, the aspect ratio should be at least 17.6 
which correspond to a 4.4 mm long divided by a 250 µm wide shaft.  
2.1.2 Proposed Design 
Two generic designs are proposed based on the parameters described in the previous 
section, a design with equally-sized shanks (Figure 2.3a), and a design with different-sized 
shanks (Figure 2.3b). The slanted design is best suited for applications where different layers are 
targeted, such as the simultaneous recording of different hippocampus structures. The non-
slanted design is best suited to interact with neurons at equal depths, such as neurons in the same 
cortex layer. Each shank should have a sharp tip, in order to facilitate the piercing of the brain’s 
meninges and also minimize tissue dimpling and damage [13]. All shanks are mechanically 
connected and must be able to connect to external electronics at the bottom side of the 
array (Figure 2.3c) 
These arrays will be performed with a combination of materials and microfabrication 
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techniques described in sections 2.2 and 2.3. 
 
Figure 2.3: Illustration of the two proposed designs. (a) Tridimensional electrode array. (b) Slanted electrode array. (c) Bottom 
view. Each circle represents the bottom of the shank for connection to the exterior. 
2.2 Materials 
The array is composed by different materials, each needing particular properties to 
perform successfully. The choice of a material to a specific part will depend on its mechanical, 
electrical and chemical properties. Besides these properties, another important factor is the 
ability to engineer the material for the target purpose. The array can be divided into four parts, 
namely, the substrate, insulation, encapsulation and electrode.  
The substrate will be the main responsible for the structural integrity of the shank, as it 
will withstand the forces involved during implantation and at the same time transmitting 
electrical signals to the exterior. 
The insulation will avoid electrical contact between shanks while offering a strong 
adhesion between shanks. The mechanical and electrical properties will determine the choice of 
material for both substrate and insulation.  
The encapsulation will guarantee that only the desired parts of the array are in contact 
with the external environment, protecting the underlying materials from degradation, and at the 
same time, preventing the device from causing adverse reactions in the neural tissue. This means 
that its constituent materials should be biocompatible, biostable, and electrically insulating [14].  
Finally, the electrode will perform the signal transduction between the ionic activity from 
brain cells and the shaft, which will rely mainly on the chemical and electrical properties of the 
chosen material. 
2.2.1 Substrate 
The substrate is the main structure in the array and is constituted by the shanks and their 
base. The shanks have to withstand the axial forces that are applied during implantation and to a 
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minor degree the shear forces that can occur due to imperfect implantation, namely, angled 
insertion and movement during penetration (Figure 2.4a and b).  
When high-aspect-ratio structures are subjected to an axial load they can bend, this 
phenomenon is known as buckling (Figure 2.4b) and can be described by the Euler buckling load 
equation (2.1): 
   
 
𝑃𝑃 =  𝜋𝜋2 × 𝐸𝐸𝐸𝐸
𝐿𝐿2
  (2.1) 
   
where P is the buckling load, π is a mathematical constant, E is the Young’s modulus of the 
material, I is the area moment of inertia and L is the shank’s length. The Young’s modulus is a 
measure of the stiffness of an elastic material. The area moment of inertia is a measure of how 
the geometrical distribution of the material in the shank’s cross section resists bending. For a 
square shank it can be described by equation (1.2).  
   
 𝐸𝐸 = w412  (2.2) 
   
where w is the shank width. According to equation (2.1) and (2.2), the factor that will determine 
the resistance of two shanks with equal dimension to buckling is the Young’s modulus of the 
material. 
 
Figure 2.4: Forces applied to the shank during insertion. (a) Bending due to shear force. (b) Buckling due to axial force 
(|𝑭𝑭�⃗| > P). 
Another important characteristic concerning the materials to be used as the substrate is 
whether they are brittle or ductile. Brittle materials tend to have superior Young’s modulus and 
low tolerance to bending, while ductile materials are less stiff and have the ability to bend 
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considerably before breaking.  
Materials such as silicon, platinum-iridium alloys, polymers, and ceramics have been 
used as substrate materials for neural electrodes. Silicon stands out as the material of choice 
because of the variety of microfabrication technologies oriented to machine it  [15–17]. 
 Silicon is a brittle and stiff material, and has been successfully used as high-aspect-ratio 
structure that is able to pierce the brain [18]. On the other hand, being a brittle material has some 
disadvantages, such as the risk of breaking and not bending during insertion.  
The substrate material should also be electrically conductive, since the electrical signals 
acquired from the neurons should flow from the tip to the bottom of the shank with minimal 
attenuation. Although silicon is a semiconductor, it is possible to increase its conductivity by 
introducing impurities into its crystal lattice in a process called doping. Heavily-doped silicon 
wafers that are available in the market can have an electrical resistivity below 1×10-5 Ω.m [19], 
which is acceptable for the purposes of neural recording [20].  
Alternatively, aluminum is an excellent electrical conductor, ductile and easily machined. 
It has a Young’s modulus lower than silicon, but still much higher than the brain, which 
indicates that it can be implanted in the form of a high-aspect-ratio structure (Table 2.1). Also, as 
a ductile material, it minimizes the risk of breaking during insertion, which can occur when 
brittle materials are used [21]. Aluminum has an electrical resistivity of 2.69×10-8 Ω.m [22], 
which is one of the lowest of all metals, and by this reason it is a good transmission line, 
introducing minimal signal attenuation.  
Due to their properties, aluminum and silicon will be used as the substrate material for 
the array.  
Table 2.1: Material properties comparison chart 
Parameter Young’s modulus 
Shear 
strength 
Compressive 
strength Resistivity Cost 
 GPa N/mm2 N/mm2 Ω.m --- 
Silicon [23] 190 7000 8300 *1.3×10-5 $$$ 
Aluminum [22] 70 75 70 2.69×10-8 $ 
Aluminum oxide [24] 375 330 2600 >1016 $$ 
Brain [25] 19×10-6 --- 16×10-3 --- --- 
Epoxy [26] 3.21 35** 65 3×1015 $$ 
Cyanoacrylate [12,13] 2.2 0.1 --- 1017 $ 
*Heavily-doped silicon [19]. ** Similar type of epoxy [29] 
23/115 
Chapter 2 High-Aspect-Ratio Tridimensional Electrode Arrays for Neural Applications 
2.2.2 Insulation 
The insulation guarantees that the signal acquired at each electrode, travels through the 
shank and connects to the exterior without interference from adjacent electrodes. In order to keep 
the shanks assembled together and electrically independent, a non-conductive adhesive needs to 
be added between shanks. The adhesion should be strong enough to withstand the shear forces 
that occur during implantation (Figure 2.5), be stiff enough to avoid the array’s deformation, and 
be flexible enough to reduce the risk of breaking the array during insertion.  The adhesive should 
have a high resistivity in order to be a good electrical insulator and avoid the flow of current 
between shanks. 
Adhesive polymers in general have good adhesive properties and diverse mechanical 
characteristics with a wide range of compatibility with metals and ceramics. The main properties 
to have into account when selecting the adhesive is its shear strength, gap size filling, curing 
time, working temperature, flexibility, electrical resistivity and material processing.  
 
Figure 2.5: Cross-sectional view of the array. Illustration of the shear force applied to the insulation during implantation. 𝑭𝑭�⃗𝑭𝑭 is 
the force applied at the base of the shank; 𝑭𝑭�⃗𝑭𝑭 is the reaction force from the brain surface. 
Epoxy resins stand out among the many kinds of adhesive polymers due to their great 
mechanical and chemical properties [30]. They have high shear strength, which indicates how 
much force can be applied in the whole structure during manual handling or implantation while 
keeping the array assembled (Table 2.1). This characteristic is a consequence of the strong 
adhesion due to mechanical interlocking and chemical bonding of the epoxy to the target 
substrate. 
The insulation that is situated between shanks will determine the epoxy viscosity. High 
viscosities will hinder the flow of the epoxy inside the inter-shank gap. Epoxies with low 
viscosities are needed for micrometer scale gaps, allowing an easy flow into these small gaps and 
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thus completely filling them.  
The choice of an epoxy with the adequate curing time at ambient temperature is essential 
because these adhesives gain small air bubbles during their processing. In order to remove these 
bubbles, a degassing procedure is necessary. If the curing time is short, the bubbles will not be 
extracted from the glue, creating porosities and reducing the array’s mechanical robustness.  
Generally epoxies have a wide working temperature range (between -40 ºC and 80 ºC). 
This range is more than enough to withstand the human body temperature, but may not be 
sufficient to withstand higher temperatures that are required in some microfabrication processes 
like physical vapor deposition. 
 The epoxy should have enough flexibility to avoid cracks when subjected to large strains 
and at the same time be stiff enough to maintain the array integrity when being manipulated or 
implanted.  
Since no electric current should flow between shanks, the adhesive should have a high 
resistivity. Epoxies generally are good electrical insulators with a resistivity in the order of 
1015 Ω.m. This guarantees that each shank receives the signal from each electrode at the tip 
without cross communication between electrodes.  
The processing of epoxies involves curing and the application method. Generally uncured 
epoxies have poor mechanical, chemical, and temperature resistance, but when the resin is cured, 
tridimensional cross linked structures are formed, greatly enhancing its properties. Usually 
curing is performed by mixing of two components, namely the hardener and the resin itself. 
Other less common processes such as ultra violet or temperature curing are also possible. As the 
two-component mixture starts to cure, it produces heat as a byproduct of the chemical reactions. 
It is important to avoid excessive heating and consequent degradation of the mixture and the 
surrounding materials. This mixture can be easily applied over the target area with a spatula or 
with a small dispensing nozzle.  
Epoxy resins will be used for the structural bonding of the shanks. 
2.2.3 Encapsulation 
The encapsulation serves as a chemical and electrical shield between the array and the 
external environment. This layer guarantees that only the tip of the shanks is in direct contact 
with the nervous tissue, in this manner avoiding signal interface of the entire shank with the 
neurons. Because the encapsulation is exposed to the cerebrospinal fluid, it should be 
biocompatible in order to avoid tissue response and protect the underlying array from the 
corrosive environment that could damage it. Besides protecting the array, the encapsulation also 
prevents the production of toxic or injurious effects in the surrounding tissue. It should have a 
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strong adhesion to the substrate in order to avoid fluid contact with undesired areas due to 
peeling. 
Polymers such as epoxies, Parylene-C, and Polyimide are extensively used in medical 
implants due to their ability to protect electronics, causing little or no adverse reaction inside the 
human body [31]. Epoxies are the easiest of these three polymers in terms of material processing 
and dispensing method, since they can be manually applied without the need of special 
equipment. 
Aluminum oxide can also be used as encapsulation material because of its 
biocompatibility and high electrical resistivity [32]. This coating can be applied to an aluminum 
substrate through anodizing processes, thus creating a hard external layer. Beyond these 
characteristics, aluminum oxide has a very high Young’s modulus which can also enhance the 
structural robustness of the entire shank (Table 2.1). 
Cyanoacrylate frequently called super glue is a low-cost, easy to use, hard, translucent, 
biocompatible polymer (Table 2.1). This encapsulating polymer can be applied through dip 
coating, spray coating or simply dispensing directly over the substrate with a small nozzle 
(dropcoating). 
Medical grade epoxies, aluminum oxide, Polyimide, and Cyanoacrylate will be tested as 
encapsulation material for the array. 
2.2.4 Electrode 
The tip of each shank should be coated with a material that can perform the transduction 
between ionic charges at the tissue and electrical charges at the shaft. This material must be 
biocompatible, have good adhesion to the substrate, low electrode-tissue impedance, and high-
charge injection capacity. Since neither aluminum nor doped silicon fulfills these requirements, 
other materials need to be deposited over them.  
Platinum and its alloys have been extensively used on neural electrodes due to its 
chemical stability in saline, high polarization and high charge-injection limits [33]. 
 Gold is a possible alternative to platinum since it is chemically inert, biocompatible, 
have a stable electrochemical behavior, and provides no native oxide [34].  
Platinum and gold can be deposited with the aid of physical vapor deposition technique. 
These two materials will be deposited at the shanks’ tips.  
2.3 Technologies  
A set of microfabrication processes must be used in order to manufacture the arrays with 
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the proposed designs. Parameters such as cost, reproducibility, and production yield, should be 
addressed when selecting the technology to be applied. The adequate combination of available 
techniques will guarantee a cost-effective and fast fabrication of the prototypes. The main 
techniques selected to fabricate the proposed array are wafer dicing, wet-etching, physical vapor 
deposition and aluminum anodizing. Besides these main processes, other techniques such as 
adhesive bonding, sanding, and microcasting needs to be applied. These latter will be discussed 
in Chapter 3 and 4.  
2.3.1 Wafer Dicing 
Wafer dicing or just dicing, is part of the packaging process of microsystems which 
concerns with the assembly, electrical insulation, mechanical protection, and external 
communication of the system components. Usually microsystems are manufactured on thin and 
circular semiconductor substrates called wafers (Figure 2.6a). These wafers vary in size, ranging 
from 25.4 mm (1 inch) to 300 mm (12 inch) and with thicknesses varying from 275 µm to a few 
millimeters. Each wafer can have thousands of identical structures patterned over it. The dicing 
process separates these structures in individual components called dies (Figure 2.6b). The 
separation process can be performed in three ways, by scribing and breaking the wafer (just like 
the cutting of window glass), by using high-power lasers to cut the wafer and, finally, through a 
sawing process that mechanically cuts the wafer. 
  
  
(a) (b) 
Figure 2.6: Wafer dicing through mechanical sawing. (a) Silicon wafer. (b) Diced silicon wafer over a ceramic support. 
 
The dicing machine that will perform the cutting in the fabrication processes is a Disco 
DAD 2H/6T (Figure 2.7a). This machine uses diamond-coated blades to cut silicon substrates 
with blade thicknesses varying from 50 to 250 µm.  The blade usually spins at high-rotation 
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speeds (30,000 rpm) to perform high-quality cuts on silicon. The substrate can move at variable 
speeds between 0.3 and 10 mm/s. Blade exposure determines the maximum depth of the cuts 
while blade thickness determines the cut width. The blade is attached to a shaft called spindle 
which is responsible for the Z and Y movements, while the rotation (R) is performed by the 
support (Figure 2.7b). The substrate is attached to a sticky tape and placed over the support 
known as chuck. The wafer is held to the chuck with the aid of suction performed by three small 
holes in it. The alignment of the blade is performed through a microscope placed over the 
substrate. Rotation, cutting speed, and blade elevation can be programmed. The cuts can be 
performed automatically and at various angles. 
  
  
(a) (b) 
Figure 2.7: Disco DAD 2H/6T dicing machine. (a) Machine picture. (b) Detail of the spindle movements (Y and Z) and 
rotation of the sample (R).  
2.3.2 Wet-etching 
Wet-etching is commonly used in microfabrication to clean, make patterns or create 
structures by chemically removing atoms or molecules from the substrate material at controlled 
rates. Typically, the parts that are not meant to be removed are protected with a mask. This mask 
is usually a polymer that is chemically resistant to the etching solution. The etching process 
starts when the substrate is immersed in the etching solution. At this point, any part of the 
substrate that is in direct contact with the solution is oxidized and posteriorly dissolved. By 
controlling the temperature of the solution and etching time, it is possible to accurately control 
the amount of material to be removed. When the corrosion rate is equal in all directions, it is 
called isotropic etching, while if there is a preference in direction, it is known as anisotropic 
etching (Figure 2.8).  The anisotropy of the corrosion depends on the way that the atoms are 
organized in the substrate material (i.e., crystalline structure) and also on the etching solution. 
For example, silicon being a crystalline material suffers highly anisotropic etching when exposed 
to potassium hydroxide (KOH) but it can also suffer isotropic etching when exposed to 
Hydrofluoric acid (HF).  
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(a) (b) 
Figure 2.8: Cross section of a substrate undergoing wet-etching, arrows indicates the directionality of the corrosion. (a) 
Isotropic etching. (b) Anisotropic etching. 
 
All silicon etching will be performed in a Tamson T1000, which allows the control of the 
temperature of the etching bath (Figure 2.9a). The aluminum etching will be performed in a petri 
dish over a heated bath. The hot plate has a probe to constantly monitor the bath temperature 
(Figure 2.9b).   
  
  
(a) (b) 
Figure 2.9: Wet-etching equipment and set-up. (a) Tamson T1000 wet-etching system for silicon. (b) Aluminum wet-etching 
set-up. 
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2.3.3 Physical Vapor Deposition (PVD) 
Physical vapor deposition encompasses a variety of thin-film deposition methods that 
operate under vacuum. These methods are used in microfabrication to deposit very thin layers of 
a material over a substrate [35]. These layers can have thicknesses in the nanoscale and are 
known as thin-films. This section will cover the three methods of PVD that will be used for the 
fabrication of the array, namely, thermal evaporation, electron beam (e-beam) and sputter 
deposition.   
Thermal evaporation uses the low pressure of the vacuum chamber and the temperature 
generated by an electrical resistance to vaporize the desired material (target) over a substrate. 
The target is heated sufficiently to enter the gaseous state, allowing this vapor to move towards 
the substrate. As the vapor reaches the substrate, it condenses producing a thin-film with the 
same characteristics of the target material (Figure 2.10a). 
 Electron beam deposition uses the same principle of thermal evaporation, but instead of 
heating the entire target it vaporizes only a small area with the aid of a focalized beam of 
electrons that collide at high speed against it (Figure 2.10b). 
Sputter deposition (sputtering) relies on the collision of ions against the target to perform 
the thin-film deposition.  An ionized gas is produced inside the vacuum chamber with a 
combination of electrical and magnetic fields along with a continuous injection of an inert gas, 
such as Argon. The ions in the gas collide with the target under the influence of a strong electric 
field. As the collisions occur the atoms of the target are ejected from the surface and travel 
towards the substrate where they will be deposited (Figure 2.10c).  
(a) (b) (c) 
Figure 2.10: Physical vapor deposition techniques. (a) Thermal evaporation. The target is heated and starts to evaporate towards 
the substrate. (b) e-beam evaporation. A beam of electrons hits the target vaporizing it. (c) Sputter deposition. 
Positively charged ions bombard the target resulting in the ejection of atoms from the target to the substrate. 
These three deposition methods are complimentary since each one is best suited for a 
specific type of material or application. In the present work, gold will be deposited by thermal 
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evaporation on a separate chamber, since it is a contaminating material. Titanium will be used as 
adhesion layer, and will be deposited through e-beam, since this technique can easily vaporize 
materials with high melting point.  Sputtering will be used to deposit platinum, due to the low 
temperatures involved in the process. Low temperatures imply low film stress and therefore high 
film quality. Figure 2.11 shows the vacuum chamber that performs thermal evaporation of gold, 
and Figure 2.12 shows the chamber that performs e-beam and sputter deposition. This last 
chamber is able to implement both types of deposition under the same vacuum (Figure 2.12b). 
 
  
 
 
 
(a) (b) 
Figure 2.11: Thermal evaporation chamber. (a) External view. (b) Interior view. 
  
 
 
(a) (b) 
Figure 2.12: E-beam and sputtering chamber. (a) External view. (b) Interior view. 
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2.3.4 Thermomigration 
Thermomigration, also known as the Soret effect, is the movement of a mass under the 
influence of a temperature gradient.  
It is used for the growth of semiconductors such as Gallium phosphide and also for 
doping semiconductor materials such as silicon. This doping process introduces impurities in a 
crystalline semiconductor for the purpose of modulating its electrical properties. In this way, if a 
silicon wafer is doped with a conducting material it will become a better electrical 
conductor [36]. 
In the present work, thermomigration will be used to dope silicon wafers with aluminum, 
this way performing electrically conductive paths through the silicon. 
Figure 2.13 describes the thermomigration process of aluminum through silicon. First, 
aluminum is deposited over the wafer with the desired pattern and placed in a furnace. In order 
to promote the migration, this furnace has two regions with different temperatures, namely the 
heat sink and heat source. The temperature at the heat sink will initially melt the aluminum-
silicon interface. This interface will enter liquid phase below the individual melting temperature 
of aluminum and silicon, which is called the eutectic temperature (550 ºC). The heat source has a 
higher temperature than the heat sink generating a thermal gradient between them. Subjected to 
this gradient the aluminum-silicon mixture (eutectic mixture) migrates from the heat sink 
towards the heat source leaving behind a trail of aluminum doped silicon. The temperature 
gradient has to be at least 0.1 ºC/µm in order to produce a moving eutectic mixture [36]. This 
trail has a higher conductivity than silicon and can be used as an electric pathway between the 
two sides of the wafer.  
 
 
Figure 2.13: Illustration of the thermomigration process.  
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2.3.5 Aluminum anodizing 
The anodizing process is an electrochemical reaction that transforms the surface of an 
aluminum substrate into aluminum oxide and is widely used in the metal industry for coating 
purposes [37]. This oxide layer is very hard, resistant to abrasion and corrosion, has excellent 
adhesion, and is a good electrical insulator (Table 2.1). The anodizing technique is inexpensive 
when compared to standard microfabrication technologies. The thickness of the oxide usually is 
situated between 3 and 30 µm and depends on the applied voltage during oxide growth [37]. The 
anodizing process is performed by injecting a constant current between the aluminum substrate 
(anode) while it is immersed in the acid solution (electrolyte). Figure 2.14, shows the anodizing 
set-up used in the present work. The anode consists of an aluminum array, while the cathode is a 
platinum foil and both anode and cathode are immersed in the acid solution.  
 
Figure 2.14: Illustration of the aluminum anodizing set-up. 
 
2.4 Proposed Array 
Two different arrays are proposed based on the two generic designs, selected materials, 
and available fabrication technologies. One of the arrays has shanks of the same length (Figure 
2.15a), while the other has shanks with different lengths (Figure 2.15b). The shanks are 
performed by dicing technique, resulting on structures with square and long profile. Due to the 
format of these structures, they will be referred to as pillars from now on. The tips have a 
pyramidal profile and can be performed by dicing technique alone or in a combination with wet-
etching. In order to simultaneously interact with many neurons, each pillar is electrically 
insulated from each other with epoxy resin. Polymer or aluminum oxide encapsulation is 
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deposited along the pillars’ length (Figure 2.15c). The backside of the array has flat square 
regions (pads) to connect to external electronic instrumentation. The pillar’s base has a small 
volume in order to promote a good attachment of the array to the brain avoiding tethering to the 
skull or possible displacements due to head movements [38]. The base region is also important 
for the attachment of devices that will perform probe insertion. 
The sequence of fabrication steps are described in detail in Chapters 3 and 4.  
 
 
 
(a) (b) (c)  
Figure 2.15: Illustration of the two proposed arrays without external encapsulation and a single pillar with encapsulation. 
(a)Tridimensional electrode array, (b) slanted electrode array, (c) detail of the encapsulation on a single pillar. 
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3 Aluminum Array Fabrication 
Aluminum Array Fabrication 
This chapter describes the fabrication of two prototypes of neural arrays based on 
aluminum substrate. Although not a traditional structural material for neural electrodes, 
aluminum shows some valuable qualities, such as low resistivity, ease of machining and 
mechanical flexibility. The fabrication of both prototypes relied on a combination of 
microfabrication technologies such as: dicing, wet-etching, and thin-film deposition. Among 
these technologies, dicing stands out as the central technique for the structure fabrication as 
well as the encapsulation. Wet-etching was used to smooth the aluminum surface and 
decrease the pillars’ overall volume, while thin-film deposition transformed the aluminum 
into functional electrodes.  
The first and second prototype achieved 3 mm long pillars, and approximate aspect 
ratios of 12:1 and 19:1, respectively. 
The fabrication of both prototypes required a step by step procedure that was different 
in the insulation and encapsulation steps. While the first prototype relied on aluminum oxide 
for encapsulation, the second used a medical grade epoxy. The second prototype represents an 
evolution of the first in terms of fabrication simplicity and reproducibility.  
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3.1 First Prototype 
3.1.1 Fabrication Process 
A fabrication process was developed to produce a prototype with 100 individualized 
electrodes (10 rows by 10 columns) and 1 mm of spacing between them. The fabrication flow 
had the 8 following steps:  
1. Pads region dicing 
2. Adhesive deposition on pads region 
3. Removal of excess adhesive on the pads region 
4. Pillars dicing 
5. Tips dicing 
6. Wet-etching 
7. Thin-film deposition 
8. Array anodizing 
 
Initially, a block of aluminum with the shape of a rectangular parallelepiped was used 
as the substrate. The surface on which the pillars were machined is called top side, while the 
opposite surface is called bottom side. 
The first dicing step defined the region where the pads are situated and was performed 
by cutting the bottom side of the substrate, resulting on evenly spaced grooves (Figure 3.1a). 
The pads serve as electrical connection to the exterior. The blade’s thickness determined the 
grooves’ width and influenced the pads size. 
Afterwards, a thin layer of the adhesive polymer was deposited over the substrate’s 
bottom side in order to electrically isolate the pads (Figure 3.1b). Due to the uneven profile of 
the adhesive, a polishing process was implemented to make the bottom side flat, exposing the 
aluminum pads (Figure 3.1c). 
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Figure 3.1: Illustration of the first three fabrication processes: first row, bottom view; second row, side view. For clarity of 
representation only a 5×5 array is illustrated. (a) Bottom side after dicing. (b) Polymer deposition. 
(c) Bottom side after polishing. 
 
After having the pads region defined and insulation material set on a grid pattern, the 
substrate’s top side underwent dicing and wet-etching processes that cut and shaped the 
pillars. Successive cuts were made on the substrate, accomplishing thick 
aluminum pillars (Figure 3.2a). These cuts were performed with a blade with straight 
profile (Figure 3.3b). The length and width of the pillars was controlled by the z-axis and      
y-axis jump (Figure 3.3). Afterwards, the pillars were sharpened by a series of cuts performed 
at the tips (Figure 3.2b). The tip profile was determined by the v-shaped grooves that the 
beveled blade performed (Figure 3.3c). The sharp profile at the tips, allows an easier 
penetration in brain tissue. Next, a wet-etching process was performed to reduce the pillar’s 
width. After the wet-etching stage, the resulting pillars had a thin and long profile (Figure 
3.2c). The dimensions of these pillars will be described on section 3.1.2 and further on 
Chapter 5. 
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Figure 3.2: Machining of the top side of the substrate: first row, top view; second row, side view. For clarity of 
representation only a 5×5 array is illustrated. (a) Diced pillars. (b) Pillars with tip after sharpening. (c) Thin and 
long pillar after wet-etching. 
 
 
 
Figure 3.3: Dicing blades and cutting program detail. (a) Side view of dicing blade showing the relation between z-axis 
level and depth of cut. (b) Front view of dicing blade with straight profile. By successive y-axis jumps the blade 
performs square grooves. (c) Front view of the beveled blade. Each cut is able to perform v-shaped grooves. 
  
40/115 
High-Aspect-Ratio Tridimensional Electrode Arrays for Neural Applications Chapter 3 
 
A deposition step followed the top side’s micromachining. A thin layer of gold was 
deposited over the tips using a masking technique to guarantee the deposition of gold only on 
the pillars’ tips (Figure 3.4a). Gold was chosen due to its excellent surface inertness and 
because it offers no native oxide [1]. The masking technique consisted on pressing an 
aluminum foil against the sharp pillars until the tips punctured the foil exposing themselves to 
the deposition vapors (Figure 3.4b). 
 
 
Figure 3.4: Deposition of the thin-film over the pillars’: first row, top view; second row, side view. For clarity of 
representation only a 5×5 array is illustrated. (a) Before, and (b) after deposition. 
 
The final stage consisted on the encapsulation of the array by anodizing the aluminum 
substrate. The array was dipped in a sulfuric acid bath at the same time that an electric current 
was injected into it. The result was the growth of aluminum oxide on any aluminum surface 
exposed to the acid. At this point, the array had an electrically insulating and biocompatible 
encapsulation layer made of aluminum oxide (Figure 3.5). 
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Figure 3.5: Encapsulation of aluminum oxide over the array: first row, top view; second row, sectional view. For clarity of 
representation only a 5×5 array is illustrated. 
 
3.1.2 Experimental Results 
Two different diamond coated blades were tested to cut aluminum, namely Disco Z09 
and ZHDG blades. Z09 blades were recommended by the supplier to cut various types of 
ceramics and silicon, while ZHDG blades were recommended to cut various semiconductor 
packages such as ceramics, glass and epoxies. The Z09 blades were only able to cut through 
300 µm thick aluminum substrates at the minimum cutting speed (feed speed) available in the 
machine (0.3 mm/s). All attempts to cut thicker substrates led to blade damage. The ZHDG 
blades could successfully cut through a 3 mm thick aluminum substrate at a feed speed of 
1 mm/s. Some evidences of aluminum residues could be observed on the blade after cutting 
the aluminum substrates (Figure 3.6). Despite this fact, ZHDG blades were able to continually 
cut aluminum for tens of hours without suffering damage. 
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Figure 3.6: Photos of the ZHDG blades after dicing an aluminum substrate. (a) Blade photo with sawing area highlighted. 
(b) Detail of the sawing area with aluminum residues. The small dots over the blade are diamond grits. 
 
The programming of cuts was based on three variables: speed of cut (feed speed),      
y-axis step, which determines the distance between two cuts, and the z-axis level, which 
determines the depth of cut (Figure 3.3). After the completion of a sequence of jumps, the 
program repeated itself until the entire substrate is diced. 
The array was constituted from a 4 mm thick and 10 mm wide aluminum substrate. 
The bottom side cuts were performed with a 250 µm thick ZHDG blade. Due to the size of the 
protruding diamond grits, the grooves performed by this blade had an approximate width of 
320 µm. The dicing program performed 1 mm spaced and 1 mm deep grooves that defined the 
pads’ region. The dicing machine determined the depth of cut, by measuring the distance 
between the blade and the reference, known as z-index (Figure 3.7a). Since Disco DAD 
2H/6T programming is limited to a 2 mm z-index, an aluminum block with 50 µm tolerance 
was used to offset the reference (Figure 3.7b). It was placed over the chuck during machine’s 
set-up and removed afterwards.  By adding an offset of 2 mm, it became possible to cut at 
levels (z-blade) between 2 and 4 mm (Figure 3.7c).Table 3.1 summarizes the blade and 
program parameters used the pads’ dicing stage. 
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Figure 3.7: Dicer parameters for increased depth of cut. (a) Z-index limits between 0 and 2 mm. (b) Reference offset by 
adding an aluminum block during set-up. (c) Z-blade level as the sum of z-index and reference offset. 
 
Table 3.1: First prototype’s parameters for pads dicing. 
Parameter Value Comments  
Blade thickness 250 µm V-shaped ZHDG that performs 320 µm wide grooves in aluminum 
Jump #1 1 mm Distance between cuts 
Feed speed 1 mm/s Speed at which the cut is performed 
Z-blade 3 mm 
Depth of Cut (1 mm) = substrate thickness (4 mm) – z-blade (3 mm) 
z-blade (3 mm) = reference offset (2 mm) + z-index (1 mm) 
 
 
The cuts resulted in grooves that had a grid pattern on the bottom side of the 
substrate (Figure 3.8a and b). An epoxy resin was pressed with a small spatula against the 
bottom side in order to fill grooves (Figure 3.8c). The epoxy used is strong, translucent, and 
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has a fast curing time (Hysol® 3430TM) [2]. After curing for 24 hours at ambient temperature, 
the excess epoxy at the backside was removed through manual polishing with a P2000 
sandpaper (grit size 10 µm).  
 
Figure 3.8: Bottom side dicing and insulation results. (a) Photo of the diced pads region facing up. (b) Side view of the 
grooves before and, (c) after epoxy deposition. 
After having the pads’ region defined and the insulation set, the substrate was turned 
over and the second dicing procedure was performed. This procedure performed 330 µm wide 
and 3 mm long pillars into the substrate (Figure 3.9a). The cutting program had three distinct 
y-axis jumps (Figure 3.3b). The first defined the width of the pillar, while the second and third 
removed the excess aluminum between pillars (Table 3.2). The jumps were repeated in cycles 
until the aluminum substrate was completely diced.  
 
Table 3.2: First prototype’s parameters for pillars dicing. 
Parameter Value Comments  
Blade thickness 250 µm V-shaped ZHDG that performs 320 µm wide grooves in aluminum 
Jump #1 650 µm Pillar width (330 µm) = jump #1 (650 µm) – groove width (320 µm) 
Jump #2 320 µm Removes the excess aluminum between pillars 
Jump #3 30 µm Pillars’ spacing (1 mm) = jump #1 (650 µm) +  jump #2 (320 µm) 
Feed speed 0.5 mm/s  
Z-blade 1 mm Depth of cut(3 mm) = substrate thickness (4 mm) – z-blade (1 mm) 
   
In order to sharpen the tips, a series of cuts performed 330 µm wide and 300 µm long 
cuts centered at each pillar (Table 3.3). After this dicing stage the sharp pillars had a 
considerable amount of burr (Figure 3.9b). 
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Table 3.3: First prototype’s parameters for tips dicing. 
Parameter Value Comments  
Blade thickness 250 µm V-shaped ZHDG  
Jump #1 330 µm Tip width (330 µm) = pillar width (330 µm)  
Jump #2 670 µm Tips spacing (1 mm) = jump #1 (330 µm) +  jump #2 (670 µm) 
Feed speed 0.5 mm/s  
Z-blade 3.7 mm Tip length (300 µm) = substrate thickness (4 mm) – z-blade (3.7 mm) 
 
The array was afterwards immersed in acid solution that performed the wet-etching. 
The aluminum etchant was in constant movement with the aid of a magnetic stirrer, and kept 
at a constant temperature of 50ºC. The solution used was a Transene type A aluminum 
etchant, composed by phosphoric acid, acetic acid, nitric acid, and water [3]. The wet-etching 
stage removed the burr accumulated at the pillars edges and at the same time decreased the 
pillar’s cross-section. The array was kept on the acid for 30 minutes, reducing the width of the 
pillars from 320 µm to 250 µm (Figure 3.9c). 
 
Figure 3.9: Photos of the top side dicing stage. (a) Pillars with a square profile. (b) Pillars after tip sharpening. (c) Pillars 
after wet-etching. 
 
In the next stage, gold was deposited at the tips. In order to guarantee that only the tips 
were exposed to the vapor, an aluminum foil was used as a shadow mask. The foil was 
pressed against the array until the pillars punctured it (Figure 3.10b). The array was fixed on 
the substrate holder inside the vacuum chamber for the thermal evaporation of gold (Figure 
3.10a). The deposition started with an internal pressure of 2.2×10-6 mbar inside the chamber 
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and the target was heated by supplying 170 W. The process lasted for 16 minutes with a 
deposition rate of 0.32 nm/s. The result was a 307 nm thick gold film over each tip. 
 
Figure 3.10: Photos after thermal deposition of gold. (a) Substrate holder with three arrays masked with aluminum foil.     
(b) Detail of the exposed tips. 
 
The last stage consisted on the encapsulation of the array. The bare aluminum at the 
pillars was insulated with a layer of aluminum oxide. This layer was grown by immersing the 
array in a 15% solution of sulfuric acid, while injecting an anodic current density of 
13 mA/cm2 for 30 minutes. The cathode was a 250 µm thick platinum foil with an area of 
4 cm × 4 cm. The result was a biocompatible and electrically insulating encapsulation 
layer [4]. 
The insulated array can be seen on Figure 3.11a, while the detail on the golden tips 
can be seen on Figure 3.11b. 
 
Figure 3.11: Photographs of the final array. (a) View of the entire array. (b) Zoom on the golden tips. 
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3.2 Second Prototype 
3.2.1 Fabrication Process 
The second prototype design consisted of 25 individualized electrodes (5 rows by 5 
columns) with 600 µm of spacing between them. The reduced number, and spacing between 
electrodes, increased the density and reduced the area of implantation. The fabrication 
sequence was similar to the first prototype, with some differences in the last four steps, which 
also offered better control on the electrode area. The following steps were implemented:  
1. Pads region dicing 
2. Adhesive deposition on the pads region 
3. Removal of excess adhesive on the pads region 
4. Pillars dicing 
5. Wet-etching 
6. Encapsulation deposition 
7. Tips dicing 
8. Thin-film deposition 
9. Removal of encapsulation excess 
 
Similarly to the first prototype, the first dicing stage performed evenly spaced, grid 
patterned grooves on the substrate’s bottom side (Figure 3.1a). Afterwards, a thin layer of the 
adhesive polymer was deposited over the substrate’s bottom side (Figure 3.1b). A polishing 
process was performed to make the bottom side flat (Figure 3.1c). 
The next step performed the pillars by dicing and etching the substrate’s top side 
Thick aluminum pillars were accomplished on the substrate by making successive 
cuts (Figure 3.12a). The pillars’ thickness was reduced by employing a wet-etching process 
resulting on long and thin pillars (Figure 3.12b). The dimensions of these pillars will be 
described in section 3.2.2 and further in Chapter 5. The next step added a biocompatible and 
electrically insulating epoxy over the top side. The material filled all empty spaces between 
pillars, resulting on a rigid block (Figure 3.12c). This approach avoided the use of an 
aluminum foil and anodizing for encapsulation purposes.  
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Figure 3.12: Machining of the top side of the substrate: first row, top view; second row, side view. (a) Diced pillars. 
(b) Pillars after wet-etching. (c) Resulting block after encapsulation deposition. 
A series of cuts was performed at the top side performing tips at the top of each 
pillar (Figure 3.13a). The array underwent a thin-film deposition step in order to make the tips 
functional electrodes. The epoxy served as a selective mask for deposition since after the 
dicing step only the aluminum at the tips were exposed (Figure 3.13b). Platinum was used as 
electrode material due to its’ biocompatibility, biostability and high-charge density threshold 
which is important for stimulation purposes [5]. The final step used dicing to remove the 
excess inter-pillar epoxy, leaving only a thin layer around each pillar. The result was an array 
with encapsulated high-aspect-ratio pillars with electrodes at the tips (Figure 3.13c).  
 
Figure 3.13: Final dicing steps: first row, top view; second row, side view. (a) Tips after surface dicing with beveled blade. 
(b) After deposition of platinum. (c) Final array after removal of excess encapsulation.  
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3.2.2 Experimental Results 
The second prototype was made from a 4 mm thick and 4.2 mm wide aluminum 
substrate. In order to have a higher density of electrodes on the second prototype, a thinner 
blade (120 µm thick) was used to perform the bottom side cuts. A thinner blade implies 
thinner grooves, which allowed more closely spaced pillars. Due to the size of the protruding 
diamond grits, the grooves performed by this blade had an approximate width of 150 µm. The 
cutting program performed 600 µm spaced and 1 mm deep grooves. Just like in the first 
prototype, a reference offset of 3 mm was used to allow cuts above 2 mm (Table 3.4). The 
result was grid patterned grooves on the bottom side of the substrate that delineated the pads 
region (Figure 3.14a). 
 
Table 3.4: Second prototype’s parameters for pads dicing. 
Parameter Value Comments  
Blade thickness 120 µm ZHDG that performs 150 µm wide grooves in aluminum 
Jump #1 600 µm Distance between cuts 
Feed speed 1 mm/s Speed at which the cut is performed 
Z-blade 3 mm Z-blade (3 mm) = reference offset (3 mm) + z-index (1 mm) 
 
 
 The grooves were filled with an epoxy resin by pressing with a small spatula against 
the bottom side (Figure 3.14b). For increased temperature resistance, an epoxy with a working 
temperature of 180 ºC was used (Hysol® 9492TM) [6]. An epoxy with superior working 
temperature than the previous one was chosen in order to better withstand thin-film 
processing. After curing for 24 hours at ambient temperature, the excess epoxy at the backside 
was removed through manual polishing with a P2000 sandpaper.  
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Figure 3.14: Photos after the first dicing and deposition stage with scale bar: first row, bottom view; second row, side view. 
The scale bar is equal for both rows. (a) Array after dicing and (b) after epoxy deposition.  
 
After having the pads region defined and the insulation set, the substrate was turned 
over and the second dicing procedure was executed (Figure 3.15a). The cutting program 
performed 280 µm wide and 3 mm long pillars (Table 3.5).  
 
Table 3.5: Second prototype’s parameters for pillars dicing. 
Parameter Value Comments  
Blade thickness 250 µm V-shaped ZHDG that performs 320 µm wide grooves in aluminum 
Jump #1 600 µm Pillar width (280 µm) = jump #1 (600 µm) – groove width (320 µm) 
Feed speed 0.5 mm/s  
Z-blade 1 mm Pillar length (3 mm) = substrate thickness (4 mm) – z-blade (1 mm) 
 
Afterwards, the wet-etching of the array was performed by immersing it, in Transene 
type A aluminum etchant [3]. The etchant was in constant movement with the aid of a 
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magnetic stirrer, and kept at a constant temperature of 50ºC. The wet-etching stage removed 
the burr accumulated at the pillars edges and, at the same time, decreased the pillar’s cross-
section. The array was kept on the acid for 70 minutes, reducing the width of the pillars from 
approximately 280 µm to 120 µm before and after the etching, respectively (Figure 3.15b).  
 
Figure 3.15: Photos after the second dicing stage: first row, top view; second row, side view. The scale bar is equal for both 
rows. (a) Pillars after dicing. (b) Pillars after wet-etching stage.  
In the next stage a thick layer of medical grade epoxy (HysolTM M-31CL) was 
deposited over the structure. This epoxy was used mainly because of its biocompatibility and 
translucent properties, which helped on cuts alignment, and photo clarity [7]. Prior to the 
deposition, one gram of the two component epoxy was mixed, and the resulting air bubbles 
were removed in a degassing chamber for 45 minutes. After degassing, the epoxy was poured 
over the array, filling the empty spaces between pillars. The pouring process was performed 
manually and stopped as soon as the array was totally enveloped by the epoxy. The glue was 
left to cure for 24 hours at room temperature before further processing. 
The third dicing stage was composed by two steps that removed the excess epoxy 
from the surface and bulk. The first step performed tips on the surface of the substrate in a 
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similar manner than the first prototype (Figure 3.16a). A cutting program performed 300 µm 
long and 300 µm wide pyramidal tips (Table 3.6).  
Table 3.6: Second prototype’s parameters for tips dicing. 
Parameter Value Comments  
Blade thickness 250 µm V-shaped ZHDG   
Jump #1 250 µm Tip width (330 µm) = pillar width (330 µm)  
Jump #2 350 µm Tips spacing (1 mm) = jump #1 (330 µm) +  jump #2 (670 µm) 
Feed speed 0.5 mm/s  
Z-blade 3.7 mm 
Tip length (300 µm) = substrate thickness (4 mm) – z-blade (3.7 mm) 
Z-blade (3.7 mm) = reference offset (3 mm) + z-index (0.7 mm) 
 
The next stage was the deposition of titanium and platinum at the pillars’ tips. The 
titanium served as an adhesive layer while platinum served as the electrode material. The thin-
film covered the entire top surface of the array, this way functionalizing the tips. During 
deposition, the epoxy served as a mask allowing the deposition of material at the exposed tip 
and not the pillar. The titanium deposition was performed by e-beam at a starting pressure of 
2.8×10-6 mbar while supplying a current of 60 mA and an electric potential of 7 kV. The 
platinum deposition was performed by DC sputtering at a starting pressure of 7.2 × 10−6 mbar 
while supplying an electric current of 33 mA, electric potential of 300 V, and a constant flow 
of 40 sccm of argon. The titanium deposition lasted for 5 minutes while the platinum 
deposition lasted for 151 minutes. The resulting layers had 70 nm and 185 nm of thickness for 
the titanium and platinum, respectively. The temperature at the substrate was measured for 
each deposition in order to avoid exceeding the constituent materials maximum working 
temperature. For the titanium deposition, the measured temperature at the substrate was 60ºC, 
while for platinum the maximum was 45ºC. 
The tips were covered by a layer of platinum, which can transduce between ionic 
concentration and electrical potential. A last dicing step needed to be performed in order to 
remove the excess epoxy and shape the encapsulated pillars. Each cut was performed two 
times at increasing depths, this way avoiding excessive friction between the blade and the 
sample. If the first cut would have been performed at full depth, the sample would detach 
from the holder due to the excessive friction. The cutting program performed 160 µm wide 
and 2.9 mm long pillars, each with an approximate 20 µm wide layer of epoxy all around the 
pillar (Table 3.7). Smaller encapsulation layers were achieved but they required a manual row 
by row adjustment. The final array with epoxy insulation is shown on Figure 3.16b. 
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Table 3.7: Second prototype’s parameters for encapsulation excess removal. 
Parameter Value Comments  
Blade thickness 250 µm V-shaped ZHDG that performs 300 µm wide grooves in epoxy 
Jump #1 460 µm Pillar width (160 µm) = jump #1 (460 µm) – groove width (300 µm) 
Jump #2 140 µm Pillars’ spacing (600 µm) = jump #1 (460 µm) + jump #2 (140 µm) 
Feed speed 0.3 mm/s Slow speed to avoid high blade-substrate friction 
Z-blade #1 2 mm Depth of the first cut (2 mm) = substrate thickness (4 mm) – z-blade #1 (2 mm)  
Z-blade #2 1.1 mm Pillar length (2.9 mm) = substrate thickness (4 mm) – z-blade #2 (1.1 mm) 
 
 
Figure 3.16: Photos after the last dicing stage: first row, top view; second row, side view. The scale bar is equal for both 
rows. (a) Tips at the surface of the top side after dicing. The convex shape of the epoxy generates an optical 
distortion on the pillars shape. (b) Encapsulated pillars after dicing.  
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3.3 Comparison Between Fabrication Approaches 
Both fabrication approaches were able to perform tridimensional neural arrays. In 
terms of single array fabrication both needed approximately the same amount of time. The 
second approach needed less fabrication time in terms of batch fabrication, especially due to 
the anodizing and masking procedures. 
The second approach offered other key improvements compared to the first. Instead of 
relying on the careful positioning of an aluminum foil for masking during thin-film 
deposition, it used a thick epoxy layer. This methodology increased repeatability and accuracy 
of the exposed tip, since it relied on the dicer’s precision (2 µm for DAD 2H/6T). The width 
of the pillars went from 250 µm in the first prototype to 160 µm on the second, which 
represents a reduction of 64 %.  This reduction in width is beneficial since it decreases neural 
tissue displacement and consequently decreases trauma after insertion. The use of platinum 
increases the charge density threshold when compared to gold [8].  
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 Chapter 4 
4 Silicon Array Fabrication 
Silicon Array Fabrication 
 
This chapter describes the fabrication of two prototypes of neural arrays based on 
silicon wafers. Both prototypes relied mainly on dicing technology for fabrication of the 
structure. The insulation approach was different between both prototypes. Thermomigration 
was used in the first prototype in order to perform the insulation between pillars and create 
conductive paths in the n-type silicon. The second prototype relied mainly on polymer 
deposition for the insulation and encapsulation.  
The first prototype achieved 3 mm long and 0.63 mm wide pillars, while the second 
achieved 4 mm long and 0.18 mm wide, resulting on approximate aspect ratios of 5:1 and 
22:1, respectively.  
Due to incomplete migration of aluminum in 4 mm thick silicon substrates, the first 
prototype did not have a complete electrical connection between pads and tips. The second 
prototype represented an evolution of the first, since it could perform an electrical connection 
between pads and tips, and also in terms of aspect ratio. Moreover, the fabrication process of 
the second prototype showed greater simplicity and reproducibility when compared to the 
first, since it relied on dicing and polymer deposition, and avoided the complexities of 
thermomigration process.  
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4.1 First Prototype  
4.1.1 Fabrication Process 
The first silicon prototype consisted of 100 individualized electrodes (10 rows by 10 
columns) with 1 mm of spacing between them. In order to achieve such an array, the 
following fabrication steps were proposed: 
1. Silicon wafer dicing 
2. Aluminum deposition 
3. Thermomigration 
4. Micropillars dicing 
5. Wet-etching 
6. Pillars dicing 
7. Encapsulation  
8. Removal of encapsulation at the tips 
9. Thin-film deposition 
 
The first dicing step performed a series of 10 mm spaced cuts on an n-type, 4 mm 
thick wafer. The result were 10 mm × 10 mm square dies and also non-square dies due to the 
circular shape of the wafer (Figure 4.1a). Only the perfectly square dies were used on the 
following stages (Figure 4.1b).  
 
 
Figure 4.1: Dicing of the silicon wafer. (a) Diced wafer. (b) Single, perfectly square die. 
Afterwards, a deposition of a grid patterned thin layer of aluminum on the bottom side 
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of the substrate was proposed (Figure 4.2). This process will be discussed in further detail on 
section 4.1.2. 
 
Figure 4.2: Grid patterned aluminum squares deposition over the substrate. (a) Side view. (b) Bottom view. 
The sample with aluminum was subjected to a temperature gradient, which resulted in 
the migration of a mixture of aluminum and silicon through the wafer (thermomigration). The 
heat sink was cooler than the heat source, this way generating a temperature gradient between 
the substrate’s sides. As the aluminum melted due to the temperature of the heat sink (above 
550 ºC), it mixed with silicon, forming small droplets that traveled toward the heat source. 
The result was trails of aluminum-doped silicon.  
 
Figure 4.3: Thermomigration of aluminum on silicon. (a) Migration of the silicon-aluminum mixture from the cooler side 
towards the hotter side. (b) Aluminum-doped trails in silicon after the migration process. 
This doping process transforms the n-type silicon into p+-type. The p+ symbol stands 
for heavily-doped silicon. The high degree of doping is useful since its low resistivity (on the 
order of 10-6 Ω/m [1]) allows the transmission of electrical signals with little attenuation. The 
alternation between n and p+-type silicon creates opposing pn junctions between trails making 
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the individual trails electrically isolated from each other (Figure 4.4). These junctions prevent 
the crosstalk between electrodes that could introduce undesired signals in the readings.  
 
Figure 4.4: Adjacent aluminum-doped silicon trails and equivalent electric circuit. Note that no current can flow into the 
trails due to the back to back diodes. 
 
The next step comprised the dicing of square micropillars at the top side (Figure 4.5a). 
Afterwards, a wet-etch step transformed the micropillars into micropyramids, which would 
serve as the tips on the final array (Figure 4.5b). The crystalline orientation of the silicon, and 
the etchant used, caused the anisotropic etching that shaped the micropillars into 
micropyramids [2].  
 
Figure 4.5: First dicing stage and wet-etching: first row, top view; second row, side view. For clarity of representation only 
a 5×5 array is illustrated. (a) Micropillars at the top side. (b) Micropyramids formation due to anisotropic 
etching. 
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After the tips fabrication, a dicing stage performed deep cuts on the substrate. The 
proposed high-aspect-ratio pillars should have an electrically conductive core caused by the 
aluminum doping, and be electrically isolated from each other due to the inversely polarized 
pn junctions (Figure 4.6a). Since silicon is not biocompatible, an encapsulating layer of 
cyanoacrylate was deposited by drop coating.  
 
Figure 4.6: Second dicing stage and encapsulation: first row, top view; second row, side view. For clarity of representation 
only a 5×5 array is illustrated. (a) High-aspect-ratio pillars with a conductive core. (b) Final array with 
encapsulated pillars. 
 
The two final steps comprised of the removal of cyanoacrylate at the tips, and the thin-
film deposition with a mask (Figure 4.6b). 
 
4.1.2 Experimental Results 
The first step consisted on the dicing of a 4 mm thick, n-type silicon. A 150 µm thick 
NBC-ZB blade able to perform deep grooves, without wafer chipping or breaking, was used. 
Table 4.1 describes the blade and program parameter to cut 10 mm × 10 mm square dies on a 
2 inch silicon wafer. 
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Table 4.1: First prototype’s parameters for wafer dicing. 
Parameter Value Comments 
Blade thickness 150 µm NBC-ZB that performs 170 µm wide grooves in silicon 
Jump #1 10 mm Performs 10 mm wide silicon dies 
Feed speed 0.5 mm/s Speed at which the cut is performed 
Z-blade 0.1 mm Avoid blade touching the chunk 
 
 
Regarding the thermomigration tests, two different thicknesses were used for the 
silicon substrates; 500 µm thick for the initial tests and 4 mm thick substrates for the final 
tests. The silicon substrates were placed in a furnace capable of achieving a maximum 
temperature of 950 ºC (Figure 4.8a). The heating zone is situated at the bottom part of the 
furnace, while the top part is open to the exterior via a through hole in the lid (Figure 4.7a). 
The convection of hot air to the exterior produced a cooler side at the top while the heating 
zone produced a hotter side at the bottom, generating a thermal gradient. The sample was 
placed on a stainless steel support and was composed by the sample holder (stainless steel), 
the silicon substrate, and aluminum (Figure 4.7b). Figure 4.8b, shows the interior of the 
furnace with the support and the sample holder, used during experiments. 
 
 
Figure 4.7: Thermomigration set-up. (a) Cross-sectional view of the furnace and sample support. (b) Sample components. 
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Figure 4.8: Furnace used for thermomigration. (a) External view of the furnace and power source. (b) Interior view of the 
furnace with pale red appearance on the heating zone. 
A 500 µm n-type silicon substrate was placed over the sample holder with two pieces 
of aluminum facing up towards the cooler side. The lid was closed and the furnace 
temperature was set to 950 ºC. The samples remained inside the furnace for a total of 4.5 
hours (1 hour to reach the desired temperature, 2 hours of processing, and 1.5 hours for 
cooling down). 
Figure 4.9 shows the results after the heating procedure. Signs of aluminum melting 
can be observed on the top side of the substrate, while evidence of aluminum migration can be 
seen on the bottom side (Figure 4.9a and b). Figure 4.9c shows a considerable amount of 
aluminum migration through the silicon substrate. A test performed with a multimeter showed 
that top and bottom sides were short circuited through the aluminum, confirming that 
migration occurred. 
 
Figure 4.9: Thermomigration of aluminum on a 500 µm thick silicon substrate. (a) Top view. (b) Bottom view. (c) Side 
view with migration direction highlighted by an arrow. 
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The same set-up and heating parameters were used for migration tests on a 4 mm thick 
n-type silicon substrate. After the test, signs of aluminum melting could be observed at the 
top, while no signs of aluminum were observed at the bottom side (Figure 4.10a and b). This 
suggested that an incomplete migration occurred. For further investigation, the aluminum 
excess was removed from the top of the wafer manually and two cuts were performed over 
each migration zone (Figure 4.10c). 
 
Figure 4.10: Thermomigration of aluminum on a 4 mm thick silicon substrate. (a) Side view. (b) Top view. (c) Cuts 
performed at aluminum migration area. 
The diced cross-section showed a partial migration on the thick substrate (Figure 4.10a 
and b). Despite the existence of migration, the set-up and heating parameters could not 
achieve full migration. Further tests with different heating times, temperature oscillation and 
aluminum sizes, could not perform a complete migration on a 4 mm thick substrate.  
 
Figure 4.11: Cross sectional view of the 4 mm thick thermomigrated substrate. Migration direction is highlighted with an 
arrow. (a) Complete cross-section. (b) Close-up on the thermomigrated area. 
Due to the unsuccessful migration with the furnace, a blowtorch was used as the heat 
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source. Flames with temperatures as high as 1995 ºC were achieved due to the propane gas 
with high levels of propylene. The blowtorch was placed beneath a stainless steel sheet 
support that radiated heat towards the bottom side of the sample. The top side was exposed to 
air, and created a thermal gradient between the top and bottom side of the sample, which 
generated thermomigration (Figure 4.12a). The blowtorch heated a 500 µm thick silicon 
substrate for 12 minutes, showing signs of partial migration (Figure 4.12b). The blowtorch 
gas reservoir allowed a maximum of 15 minutes of heating time.  
 
Figure 4.12: Thermomigration of aluminum on a 500 µm thick silicon substrate using a blowtorch as heat source. (a) Set-up 
configuration. (b) Aluminum migration in silicon. 
Simultaneously to the thermomigration experiments, dicing and wet-etching tests were 
performed in non-migrated samples. Micropillars were diced on the top surface of a 10 mm × 
10 mm × 4 mm n-type silicon substrate (Figure 4.14a). The dicing program performed 1 mm 
spaced, 180 µm wide, and 300 µm long silicon micropillars (Table 4.2). An illustration of the 
program can be on Figure 4.13. 
 
Figure 4.13: Illustration of the dicing program. 
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Table 4.2: First prototype’s parameters for micropillars dicing. 
Parameter Value Comments  
Blade thickness 150 µm NBC-ZB that performs 170 µm wide grooves in silicon 
Jump #1 350 µm Micropillar width (180 µm) = jump #1 (350 µm) – groove width (170 µm) 
Jump #2 150 µm  
Jump #3 150 µm  
Jump #4 150 µm  
Jump #5 150 µm  
Jump #6 50 µm Micropillars’ spacing (1 mm) = sum of all jumps  
Feed speed 5 mm/s  
Z-blade 3.7 mm Micropillar length (300 µm) = substrate thickness (4 mm) – z-blade (3.7 mm) 
 
 
 
Afterwards, the substrate underwent a wet-etching process in KOH for 4 hours. The 
KOH solution was kept at a constant temperature of 90ºC while being stirred with the aid of a 
rotating magnet. The combination of KOH and <100> n-type silicon, resulted on an 
anisotropic corrosion that transformed the micropillars into micropyramids (Figure 4.14b). 
The micropyramids were 330 µm wide and 190 µm long. 
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Figure 4.14: Photos after the dicing and etching step: first row, perspective view on the entire substrate; second row, partial 
side view. (a) Micropillars after dicing, (b) micropyramids after wet-etching step. 
The next stage comprised of the dicing of long pillars with pyramidal tips. Deep 
grooves were cut between micropyramids (Table 4.3). The result was an array with 1 mm 
spaced, 3 mm long, and 630 µm wide pillars (Figure 4.15).  
Table 4.3: First prototype’s parameters for pillars dicing 
Parameter Value Comments  
Blade thickness 150 µm NBC-ZB  
Jump #1 800 µm Pillar width (630 µm) = jump #1 (800 µm) – groove width (170 µm) 
Jump #2 150 µm  
Jump #3 100 µm Jump #2 and #3 removes the excess silicon between pillars 
Feed speed 1 mm/s  
Z-blade 1 mm Pillar length (3 mm) = substrate thickness (4 mm) – z-blade (1 mm) 
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Figure 4.15: Photos of the tipped pillars. (a) Perspective view. (b) Detail on the tipped pillars. 
The encapsulation tests were performed by applying consecutive drops of 
cyanoacrylate over the array and removing the polymer from the tips. The removal process 
was implemented by manually sanding the tips. These techniques showed to be unsuccessful 
since the drop coating could not coat evenly the pillars and the sanding could not expose the 
same amount of silicon on all tips. 
Overall, the fabrication techniques could form tipped silicon pillars, but the migration 
process could not traverse the entire pillar. This shows that the dicing and wet-etching 
techniques are effective, while the thermomigration technique requires a custom made furnace 
in order to go beyond the 600 µm limit achieved by the present approach.  
4.2 Second Prototype 
4.2.1 Fabrication Process 
A smaller array was proposed as the second prototype by decreasing the number of 
electrodes and their spacing. The smaller area of the array is more suitable for application on 
rats, and also the higher density improves the spatial resolution. The second prototype 
consisted of 36 individualized electrodes (6 rows by 6 columns) with 600 µm of spacing 
between them. The following fabrication steps were implemented: 
1. Silicon wafer dicing 
2. Pads region dicing 
3. Adhesive deposition on pads region 
4. Removal of excess adhesive on the pads region 
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5. Dicing of steps on silicon
6. Pillars dicing
7. Encapsulation
8. Tips dicing
9. Thin-film deposition
10. Removal of encapsulation excess
The first dicing step performed a series of cuts on a silicon wafer that resulted on 
5 mm thick and 4 mm × 4 mm square substrates.  
The pads region was performed by cutting the bottom side of the substrate, resulting 
on evenly spaced grooves (Figure 4.16a). Afterwards, a thin layer of the adhesive polymer 
was deposited over the substrate’s bottom side (Figure 4.16b). Due to the uneven profile of 
the adhesive, an abrasion process was performed that made the bottom side flat, exposing the 
silicon pads (Figure 4.16c). 
Figure 4.16: Illustration of fabrication steps two, three and four: first row, bottom view; second row, side view. Bottom side 
after: (a) dicing, (b) polymer deposition, and (c) abrasion. 
After having the pads region defined and insulation material set on a grid pattern, the 
substrate’s top side underwent dicing processes to perform pillars with different lengths. 
Successive cuts were made on the substrate’s surface that accomplished three silicon 
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steps (Figure 4.17a). The width of the pillars was controlled by the y-axis jump, while the 
length of the pillars was controlled both by the z-blade and the thickness of the 
substrate (Figure 4.17b). 
The next step added a biocompatible and electrically insulating epoxy over the top 
side. The material filled all empty spaces between pillars, resulting on a rigid block       
(Figure 4.17c). 
 
Figure 4.17: Top side dicing and encapsulation: first row, top view; second row, side view. (a) Silicon block with three steps 
diced on the top side. (b) Diced pillars with decreasing lengths. (c) Array encapsulation. 
 
Afterwards, a series of cuts were performed at the top surface of the sample that 
removed the excess encapsulation above the pillars and performed the tips. The tips profile 
was determined by the shape of the beveled blade (Figure 4.18a).  
In the next step, a thin layer of the platinum was deposited over the tips. This layer 
used thin-film deposition technique that will serve as the transducing material between brain 
and silicon (Figure 4.18b).  
After the thin-film deposition, the excess encapsulation material between pillars was 
removed using the dicer. The result was an array with thin and long pillars with an electrode 
at each tip (Figure 4.18c).  
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Figure 4.18: Top side final fabrication steps: first row, top view; second row, side view. (a) Tips dicing. (b) Platinum thin-
film deposition. (c) Removal of encapsulation excess. 
 
4.2.2 Experimental Results 
 
The first dicing step cut a 4 mm thick, heavily doped, p+-type silicon wafer. The cuts 
were 4 mm spaced on the first direction and 5 mm on the second (Figure 4.19a). After the cuts 
performed on the first direction, the wafer was rotated 90º to cut in the second 
direction (Figure 4.19b). The resulting dies were 4 mm × 5 mm squares and 4 mm thick. By 
turning each die 90º, it was possible to dice on a 4 mm × 4 mm square, and 5 mm thick silicon 
substrate (Figure 4.20). This step allowed 4 mm long pillars with 1 mm thick pads to be 
performed, using a 4 mm thick silicon wafer. The dicing steps were performed with the 
parameters described on Table 4.4.  
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Figure 4.19: Wafer cut directions. Top view after cuts on the (a) first and (b) second direction. 
 
Figure 4.20: First dicing step and substrate rotation. (a) Side view before, and (b) after rotation. (c) isometric view of the 
substrate. 
 
Table 4.4: Second prototype’s parameters for wafer dicing. 
Parameter Value Comments  
Blade thickness 150 µm NBC-ZB 
Jump #1 (0º) 4 mm First direction cuts represents a rotation of 0º 
Jump #1(90º) 5 mm Second direction cuts represents a rotation of 90º 
Feed speed 0.3 mm/s Slow speed due to 4 mm deep cuts 
Z-blade 0.1 mm Avoid touching the chunk 
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The second dicing step performed 600 µm spaced and 2 mm deep grooves (Table 4.5). 
The result were grid patterned grooves on the bottom side of the substrate, which delineated 
the pads region (Figure 4.21a). 
Afterwards the grooves were filled with an epoxy resin by pressing with a small 
spatula against the bottom side (Hysol® 9492TM). A sanding step removed the excess epoxy, 
exposing the pads between the grooves (Figure 4.21b). 
Next, three silicon steps were diced on the surface of the substrate. The rise between 
steps was 500 µm. The first sequence of cuts was performed at a blade level of 4.5 mm, while 
the second was at 4 mm (Table 4.6). The result was a substrate with a decreasing thickness of 
5 mm, 4.5 mm, and 4 mm (Figure 4.21c). The cutting parameters for the pads and silicon 
steps are shown in Table 4.6.  
 
 
Figure 4.21: Bottom side photos and silicon steps machining. (a) Pads region after dicing, first row, bottom view; second 
row, side view. (b) Pads region after epoxy deposition, first row, bottom view; second row, side view. 
(c) Silicon steps after top side dicing, first row, top view; second row, side view. The scale bar is equal for both 
rows. 
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Table 4.5: Second prototype’s parameters for pads dicing. 
Parameter Value Comments  
Blade thickness 150 µm NBC-ZB   
Jump #1 600 µm Distance between cuts 
Feed speed 0.5 mm/s  
Z-blade 3 mm Depth of cut = sample thickness (5 mm) – z-blade (3 mm) 
 
 
Table 4.6: Second prototype’s parameters for silicon steps dicing. 
Parameter Value Comments  
Blade thickness 150 µm NBC-ZB  
Jump #1 − #7 150 µm Distance between cuts 
Jump #8 150  µm Nº of jumps (8) × jump size (150 µm) = 1.2 mm 
Feed speed 0.5 mm/s  
Z-blade  4.5 / 4mm The second silicon step is performed at z-blade level of 4.5 mm while the third is 4 mm. 
 
 
The next step performed silicon pillars with increasing lengths (Figure 4.23a). This 
was done by cutting deep grooves on the silicon substrate. The length of the pillars was 
determined by the thickness of the substrate. For a substrate with 5 mm, 4.5 mm, and 4 mm 
thick regions, 4 mm, 3.5 mm, and 3 mm long pillars were achieved. The cuts were performed 
with two progressive z-blade levels for both directions (Figure 4.22 a and b).  
On the second cut direction, two approaches were tested. The first approach used the 
same parameters as the first direction, while the second approach introduced a small step on 
the middle of the pillar (Figure 4.22c). In a pool of 8 samples, the first approach could 
perform 4 mm long pillars with a success rate of 88 %, while the second was 94 %. The 
higher success rate from the second approach is due to the reduced amount of stress applied to 
the pillars. The first approach allowed 180 µm wide pillars to withstand the second direction 
of cut, while the second approach allowed 150 µm wide pillars. The dicing parameters for the 
first and second directions are described in Table 4.7 and Table 4.8, respectively.  
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Figure 4.22: Dicing procedure to produce high-aspect-ratio silicon pillars: first row, top view; second row, side view. The 
grey dot represents the orientation of the array. (a) Silicon walls after first direction of cuts. (b) Short pillars 
after first cuts of the second direction. (c) Final pillars with a thinner profile on the upper half. 
 
Table 4.7: Second prototype’s parameters for pillars dicing (first direction). 
Parameter Value Comments  
Blade thickness 150 µm NBC-ZB  that performs 170 µm wide grooves on silicon 
Jump #1 350 µm Wall width (180 µm) = jump #1 (350 µm) – groove width (170 µm) 
Jump #2 125  µm  
Jump #3 125  µm Inter-wall space (420 µm) = jump #1 + jump #2 + groove width (170 µm) 
Feed speed 0.5 mm/s  
Z-blade #1  3 mm  
Z-blade #2 1 mm Wall length (4/3.5/3 mm) = silicon thickness (5/4.5/4 mm) – z-blade #2 (1 mm) 
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Table 4.8: Second prototype’s parameters for pillars dicing (second direction). 
Parameter Value Comments  
Blade thickness 150 µm NBC-ZB  that performs 170 µm wide grooves on silicon 
Jump #1 350 µm Pillar width (130 µm) = jump #1 (320 µm) – groove width (170 µm) 
Jump #2 150  µm  
Jump #3 150  µm Interpillar space (470 µm) = blade thickness (170 µm) + jump #2 + jump #3 
Feed speed 0.3 mm/s Lower speed produces lower stress on the pillars 
Z-blade #1  3 mm  
Z-blade #2 1 mm Pillars length (4/3.5/3 mm) = silicon thickness (5/4.5/4 mm) – z-blade #2 (1 mm) 
 
Afterwards, a thick layer of medical grade epoxy (HysolTM M-31CL) was deposited 
over the pillars, completely filling the interpillar space (Figure 4.23b) [3]. In order to avoid 
the epoxy from flowing to the sides, an aluminum foil was wrapped around the array, and 
contained the epoxy, allowing it to reach the top of the pillars (Figure 4.23c). 
 
Figure 4.23: Pillars dicing and encapsulation. (a) Perspective view on the array after pillar dicing. (b) Top and (c) side view 
after epoxy deposition. 
The tips were performed on the top side of the sample with a beveled blade (Figure 
4.24). A Z09 blade was used, since NBC-ZB cannot have beveled profile. The cuts were 
performed at three different levels corresponding to the three steps (Table 4.9). The beveled 
blades created 250 µm wide and 300 µm long tips, due to the 60º angle of the tip. 
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Figure 4.24: Second prototype after tips dicing. (a) Perspective view, (b) side view. 
 
Table 4.9: Second prototype’s parameters for tips dicing. 
Parameter Value Comments  
Blade thickness 250 µm Z09 with a beveled profile  
Jump #1 250 µm Tip width (200 µm) = jump #1 (200 µm) 
Jump #2 350  µm Distance between tips(600 µm) = Jump #1 + Jump #2 
Feed speed 0.5 mm/s  
Z-blade   
4.7 mm / 
4.3 mm / 
3.7 mm 
The z-blade level was 300 µm below the silicon step level.  
1st level (4.7 mm) = 1st silicon step (5 mm) − 300 µm. 
2nd level (4.3 mm) = 2nd silicon step (4.5 mm) − 300 µm  
3rd level (3.7 mm) = 3rd silicon step (4 mm) − 300 µm 
 
 
In the next step, a deposition of titanium followed by platinum was performed. The 
platinum was used for the transduction layer, while titanium promoted the adhesion between 
the silicon and platinum. The titanium deposition was performed by e-beam at a starting 
pressure of 3×10-6 mbar while supplying a current of 60 mA and an electric potential of 7 kV. 
The platinum deposition was performed by DC sputtering at a starting pressure of 
7×10−6 mbar while supplying an electric current of 33 mA, electric potential of 300 V, and a 
constant flow of 40 sccm of argon. The titanium film was 70 nm, while the platinum was 
180 nm thick. After the deposition, the entire array had a black appearance (Figure 4.25a). 
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Visual observation showed evidence that the tips were covered by the platinum thin-
film (Figure 4.25b). 
 
Figure 4.25: Array after deposition. (a) View of the entire array. (b) Detail of the silicon tips covered by the thin-film. 
The last step shaped the final array by removing the excess encapsulation. Using the 
dicer to remove the epoxy between pillars, it was possible to achieve 3.9 mm long and 
220 µm wide pillars with an encapsulation layer of 20 µm (Figure 4.26). Each pillar had a 
functional platinum electrode at the tip. The dicing parameters for removing the excess epoxy 
are presented on Table 4.10. 
 
Figure 4.26: Photos of the final dicing step. (a) Top view after removing the excess between pillars. (b) Side view and 
(c) perspective view of the final array. 
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Table 4.10: Second prototype’s parameters for encapsulation excess removal. 
Parameter Value Comments  
Blade thickness 250 µm Z05 that performs 320 µm wide grooves in epoxy 
Jump #1 540 µm Pillar width (220 µm) = jump #1 (540 µm) – groove width (320 µm) 
Jump #2 60 µm Pillars’ spacing (600 µm) = jump #1 (540 µm) + jump #2 (60 µm) 
Feed speed 0.3 mm/s  
Z-blade #1 2 mm Depth of the first cut (2 mm) = substrate thickness (4 mm) –     z-blade #1 (2 mm)  
Z-blade #2 1.1 mm Pillar length (3.9 mm) = substrate thickness (5 mm) – z-blade #2 (1.1 mm) 
 
 
The second prototype could be successfully fabricated using dicing and polymer 
deposition techniques. The achieved pillars had a considerable increase of aspect ratio when 
compared to the first prototype. Beyond this, by avoiding exotic processes such as 
thermomigration, higher repeatability and lower costs are possible. Overall, the second 
prototype represents a significant improvement over the first one.  
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 Chapter 5 
5 Electrode Array Characterization 
Electrode Array Characterization 
 
The successfully fabricated aluminum and silicon prototypes as well as its components 
were structurally, mechanically, and electrochemically characterized.  
The structural characterization used optical microscopy and scanning electron 
microscope (SEM) to measure the dimensions of the array components such as pillars, tips, 
and encapsulation. An energy-dispersive x-ray spectroscopy (EDS) was performed, for the 
chemical component analysis of the aluminum oxide encapsulation and the thin-film of gold, 
which was used as transduction layer on the first aluminum prototype. All optical 
measurements were performed by Leica M80TM stereo microscope and Leica LASTM 
software. All SEM images were obtained by a FEI TM Nova NanoSEM TM 200 system and the 
EDS measurements were performed by an EDAX PegasusTM system.  
The mechanical characterization consisted on the implantation of the array with the 
aid of a dynamometer in agar gel (brain phantom that mimicked the mechanical properties of 
the brain) and porcine cadaver brain. Also, buckling, flexibility, and shear tests were 
performed. The buckling tests obtained the forces necessary to bend or break the pillars, as 
well as their failure mechanism. The flexural tests showed the ability of the array to bend 
without breaking, while the shear test acquired the resistance to bending of a single silicon 
pillar.  
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The characterization of the electrodes was performed by electrochemical impedance 
spectroscopy (EIS) that acquired the impedance of the thin-films of gold and platinum. Cyclic 
voltammetry was also performed on the platinum film in order to determine its charge 
injection capacity. 
5.1 Structural 
5.1.1 First Aluminum Prototype 
The pillars’ dimensions of the first aluminum prototype were measured using the 
microscope. Figure 5.1 shows the measurements for the pillar’s length, width, and tip length. 
On a sample of 9 pillars, the statistical analysis showed an average length of 3.061 mm with 
0.021 mm of standard deviation, and an average width of 255 µm with 18.24 µm of standard 
deviation (Figure 5.2). 
 
Figure 5.1: Main measurements of the first aluminum prototype. 
 
Figure 5.2: Box plot of the pillars’ dimensions with measured values and normal distribution to the right: (a) length; 
(b) width. 
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An EDS measurement was performed on the pillar’s surface in order to verify the 
existence of the aluminum oxide encapsulation layer. The EDS spectrum shows peaks 
corresponding to aluminum, oxygen and sulfur elements (Figure 5.3). A percentage by weight 
of 52% of aluminum, 43% of oxygen and 5% of sulfur was determined. These results showed 
that an external coating of aluminum oxide was encapsulating the pillar. The sulfur residues 
originated from the anodizing process, since it used a sulfuric acid solution as electrolyte.  
Figure 5.4a shows a SEM image taken of the pillar’s cross-section. The measured 
thickness of the aluminum oxide was approximately of 8 µm. The EDS spectrum shows that 
the surface layer had a percentage by weight of 69% of aluminum, and 31% of oxygen, while 
the layer underneath is composed solely by aluminum (Figure 5.4b and c). The existence of 
oxygen in the surface layer suggests that aluminum oxide was formed. The value of oxygen is 
less than half of that of aluminum. A possible cause for this, is the pear effect, which 
represents the analysis of structures that are below the surface due to the depth of penetration 
of the X-ray emission [1]. If the depth of penetration is superior to the thickness of the oxide 
layer, decreasing values of oxygen will be observed. 
 
 
 
Figure 5.3: SEM image and EDS spectrum of a pillar’s surface. (a) Pillar section with EDS target zone highlighted. 
(b) EDS spectrum of the Z1 target zone. 
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Figure 5.4: SEM image and EDS spectrum of an aluminum pillar’s cross-section. (a) SEM image with aluminum oxide 
layer measurement and EDS target zones. EDS spectrum corresponding to zones: (b) Z1, and (b) Z2. 
 
An EDS measurement was performed at the tip of the pillar in order to verify the 
quality of the thin-film of gold. The SEM image shows an incomplete covering of the tip with 
gold, specially at the vertex (Figure 5.5a). All obsered tips showed an incomplete coating with 
variation on the uncoated locations. The EDS results showed a weight percentage of 91% of 
gold and 9% of carbon at zone 1 (Figure 5.5a). The small amount of carbon was possibly 
caused by manually handling the array. 
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Figure 5.5: SEM image and EDS spectrum of the thin-film of gold at the tip. (a) SEM image with target EDS zone 
highlighted. The brighter areas are composed of gold. (b) EDS spectrum of Z1. 
 
5.1.2 Second Aluminum Prototype 
The length and width of the pillars on the second aluminum prototype were performed 
with using Leica microscope (Figure 5.6). 
On a sample of 10 aluminum pillars, the average length was 3.09 mm and standard 
deviation of 0.06 mm (Figure 5.7a). The average length of the encapsulated pillars decreased 
to 2.88 mm with a standard deviation of 0.02 mm (Figure 5.7b). The reason for this reduction 
in length was caused by the removal of aluminum at the top of the pillars during tip cutting, 
and the encapsulation layer at the bottom.  
The average width of the aluminum pillars was 117 µm with a standard deviation of 
7 µm, while the encapsulated pillars were 160 µm wide, with no variation. The average 
encapsulation layer thickness was 22 µm, also with no variation. Despite having no 
observable variation under the microscope, it must be considered that the resolution limit for 
the measurements is 5 µm. The lack of variation in the width of the pillars suggests that the 
dicing procedure has a high level of repeatability. 
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Figure 5.6: Measurements performed on the second aluminum prototype: (a) Pillar length; (b) Pillar width and tip length. 
 
 
Figure 5.7: Box plot of the pillars’ lengths with measured values and normal distribution to the right: (a) before 
encapsulation; (b) after encapsulation. 
 
SEM images were obtained from the top part of the pillars in order to measure the tip 
radius and observe in detail the encapsulation condition (Figure 5.8a). 
The tip radius is related with the penetration forces of the pillar, i.e., a small radius 
imply a small implantation force [2]. A tip radius of 9 µm was measured on the Nova SEM 
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system (Figure 5.8b). From 10 pillars observed, only one showed evidences of bare aluminum 
at the pillar (Figure 5.8c). The absence of epoxy near the tip could have been caused by the 
friction between the blade and the substrate, leading to detachment.  
 
Figure 5.8: SEM images of the tip of the second aluminum prototype. (a) Aluminum pillar with epoxy encapsulation. The 
darker tone represents the epoxy encapsulation. (b) Tip radius. (c) Encapsulation failure close to the tip. 
 
5.1.3 Second Silicon Prototype 
Measurements of pillars’ length and width were performed on the second prototype 
with the Leica microscope. The length and width of 24 pillars were measured; 12 with and 12 
without encapsulation. The pillars without encapsulation were 4.01 mm long and 176 µm 
wide (Figure 5.9). The encapsulated pillars were 3.87 mm long and 214 µm wide 
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(Figure 5.10). The measured tip radius was of 2.5 µm (Figure 5.11). The lack of variation on 
the length and width of the pillars is related with the high accuracy and repeatability of the 
dicer. Also, the measurements are limited by a 5 µm resolution of the microscope. 
 
Figure 5.9: Second silicon prototype pillars’ length. (a) Array of 4 mm long silicon pillars without encapsulation. (b) Final 
array with encapsulated pillars. 
 
 
Figure 5.10: Second silicon prototype pillars’ width. (a) Top view. (b) Measurements of the silicon pillar and encapsulation. 
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Figure 5.11: SEM image of the second silicon prototype tip. (a) Tip radius. (b) Surface of the diced silicon at the tip. 
 
5.2 Mechanical 
5.2.1 First Aluminum Prototype 
The mechanical characterization of the first aluminum prototype was performed by a 
series of three implantation tests of the array on agar brain phantom. The implantation tests 
were performed on a Hounsfield H 100 KS dynamometer equipped with a 100 N load cell 
capable of 10 mN resolution. Figure 5.12a, shows the set-up arrangement for the implantation 
tests. A brain phantom with 1% of agar gel concentration, was used to mimic the mechanical 
properties of the brain cortex [3]. The array was attached to the dynamometer shaft, which 
moved down towards the agar gel at a constant speed of 0.03 mm/s. The average load 
necessary to implant the array was 1057 mN with a standard deviation of 62 mN, which 
represents approximately 11 mN per pillar (Table 5.1). The obtained plot shows a load 
increase on the initial stage, up to the moment where the electrodes’ tips are able to pierce the 
gel. Afterwards, there is an abrupt drop on the required load (Figure 5.12b). This behavior 
suggests a bed-of-nails effect during insertion. After the electrode’s full penetration there is a 
slight increase in the curve’s slope, indicating that the array’s base was being pushed against 
the gel. 
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Figure 5.12: First aluminum prototype implantation tests. (a) Implantation Set-up. (b) Load versus displacement curve with 
implantation moment highlighted by a dashed line. 
Table 5.1: First aluminum prototype implantation tests on agar. 
Speed (mm/s) 
Number of 
tests 
Average 
load (mN) 
Standard 
deviation (mN) 
Average load 
per pillar (mN) 
0.03 3 1057 62 11 
 
5.2.2 Second Aluminum Prototype 
The mechanical characterization of the second aluminum prototype was performed by 
the following tests: 
• Implantation and explantation in agar gel 
• Implantation and explantation in porcine cadaver brain  
• Buckling load 
• Flexibility 
 
 The implantation tests were performed on a Shimadzu AG-IS dynamometer equipped 
with a 50 N load cell capable of 5 mN resolution. The mechanical characterization used arrays 
with 160 µm wide, 3 mm long, tipped aluminum pillars. 
Agar 
Figure 5.13a, shows the set-up arrangement for the implantation tests. The tests used 
agar gel with a concentration of 0.5 % this way better mimicking the brain tissue [4]. In order 
to find an implantation parameter that is at the same time fast and that requires the minimal 
implantation load, three distinct speeds were used. Table 5.2, summarizes the implantation 
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results.  
Just like on the first aluminum prototype, the load versus displacement plot shows a 
load peak at the implantation moment (Figure 5.13b). The load required to implant the array 
tends to be higher at faster implantation speeds, which suggests that lower speeds are 
preferable, since they would cause smaller tissue compression and thus less trauma. 
Despite the difference in speed, the implantation loads per pillar decreased below 50% 
when compared to the first aluminum prototype, and is in the same order of magnitude 
reported by Das et al. [3]. The decrease in the load is led by the fact that the pillars on the 
second prototype are 64% thinner than the first prototype.  
 
 
Figure 5.13: Second aluminum prototype implantation tests in agar gel. (a) Set-up, before implantation (top photo), and after 
implantation (bottom photo). (b) Load versus displacement for three different speeds, with implantation 
moment highlighted by a dashed line. 
 
Table 5.2: Second aluminum prototype implantation tests on agar. 
Speed (mm/s) 
Number of 
tests 
Average 
load (mN) 
Standard 
deviation (mN) 
Average load 
per pillar (mN) 
3 4 150 2 6 
2 4 145 8 5.8 
0.83 4 119 8 4.76 
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Porcine Cadaver Brain 
Implantation tests with similar parameters as the agar gel were performed on porcine 
cadaver brain with the pia matter. This innermost layer of the meninges represents the biggest 
barrier for implantation due to its superior robustness than the brain tissue [5]. The purpose of 
these tests was to evaluate pillars’ robustness when penetrating the brain. The tests showed 
significant tissue dimpling before implantation. This suggests that a bed-of-nails effect could 
occur when implanting high-density arrays at the tested speeds. A slight twitch could be 
observed at the pia, when displacement depths were between 10 and 11 mm, corresponding to 
loads between 200 and 300 mN. This twitch indicates piercing of the pia and consequently 
implantation success.  
Successful implantation could only be verified through explantation results, since it 
could not be observed from the penetration curve (Figure 5.14). The set-up and explantation 
curve on porcine cadaver brain are presented on Figure 5.15. The key moment during 
withdrawal are highlighted by a dashed line (Figure 5.15b). In moment 1, the brains’ surface 
is in its relaxed state, in moment 2 there is a maximum tension applied and in moment 3 there 
is a complete detachment between the array and the tested material. Moment 1 happens 
because the array goes from a state of actively compressing the brain tissue to a relaxation 
state. The rise in tension during withdrawal is due to the drag forces between the electrodes 
and the surrounding brain tissue. This could be observed clearly in the cadaver brain as it 
followed the array trajectory originating a temporary protuberance in the region of 
implantation (moment 2). Next, a drop in the applied tension was observed, which led to 
moment 3, where the array was completely detached from the brain. The average difference 
between maximum tension and brain relaxation was of 57 mN with a standard deviation of 
15 mN. This suggests that the array was implanted prior to removal.  
Implantation tests were also performed after the removal of the pia. Although 
successful implantation could be visually observed, the load required for implantation was 
below the dynamometer resolution. No signs of pillar bending or breaking were observed on 
the arrays after explantation.  
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Figure 5.14: Second aluminum prototype implantation tests in porcine cadaver brain. (a) Set-up, before implantation (top 
photo), and after implantation (bottom photo). (b) Load versus displacement curve. 
 
Figure 5.15: Second aluminum prototype explantation tests, on porcine cadaver brain. (a) Local protuberance highlighted at 
the array site due to drag forces. (b) Tension versus displacement with key moments highlighted with a dashed 
line: Moment 1, brain relaxation; Moment 2, maximum tension; Moment 3, complete detachment. 
 
Buckling Test 
A compression test was performed against a glass support to determine the force 
necessary to bend the pillars. Figure 5.16 shows the resulting load versus displacement curve, 
obtained at a displacement rate of 0.08 mm/s. The initial stage represents the descending of 
the array against the support while no load is applied. After mechanical contact between the 
array and the support, an abrupt increase in load followed was observed. After the moment 
where a maximum load is reached, a decrease in load was observed. The resulting peak 
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represents the moment when the pillars begin to bend (buckle), which occurs when a 4.5 N 
load is applied [6].  
 
Figure 5.16: Second aluminum prototype compression curve. The observable peak represents the buckling load. 
Flexibility Test 
A flexibility test was performed using the three point flexural test. The tested sample 
was 20 mm wide and 9.6 mm long. The support was made of aluminum with 15 mm spacing 
between support points (Figure 5.17a). A downward load was applied at the middle of the 
sample until sample rupture could be observed. A maximum deflection before rupture of 
0.8 mm was achieved while applying a load of 16.5 N (Figure 5.17b) 
 
Figure 5.17: Second aluminum prototype three point flexural test. (a) Moment of rupture. (b) Load versus displacement, 
with an abrupt drop at rupture moment. 
5.2.3 Second Silicon prototype 
The mechanical characterization of the silicon prototype was performed by the 
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following tests: 
• Implantation and explantation in agar gel 
• Implantation and explantation in porcine cadaver brain 
• Buckling 
• Shear strength 
• Flexibility 
 
 The implantation tests were performed on a Shimadzu AG-IS dynamometer equipped 
with a 50 N load cell capable of a 5 mN resolution. The mechanical characterization used 
arrays with 130 µm wide, 4 mm long, sharp silicon pillars.  
Agar 
Figure 5.18 shows the set-up arrangement for the implantation tests. Three different 
implantation speeds were performed on a 0.5 % concentration of agar gel. 
Table 5.3, summarizes the implantation results.  
Just like on the aluminum prototypes, the load versus displacement curve shows a 
peak at the implantation moment (Figure 5.18b). The same tendency of speed versus 
implantation load was observed with the silicon array, faster implantation speeds required 
higher loads. 
 
 
Figure 5.18: Second silicon prototype implantation tests in agar gel. (a) Set-up, before implantation (top photo), and after 
implantation (bottom photo). (b) Load versus displacement for three different speeds, with implantation 
moment highlighted by a dashed line. 
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Table 5.3: Silicon array implantation tests on agar. 
Speed (mm/s) 
Number of 
tests 
Average 
load (mN) 
Standard 
deviation (mN) 
Average load 
per pillar (mN) 
3 10 95.45 14.49 2.65 
2 10 94.75 31.37 2.63 
0.83 10 87.04 8.93 2.42 
 
Porcine Cadaver brain 
Six implantation tests were performed on porcine cadaver brain with the pia matter at 
3 mm/s. The arrays had the same characteristics used in agar tests. Similarly to the aluminum 
arrays, significant tissue dimpling was observed before implantation. Among the 6 
implantation tests on cadaver brain, two groups could be divided based on the load versus 
displacement curve. The first group consisted of 4 implantation tests, and had a curve with 
continuously increasing load (Figure 5.19a). The second group consisted of 2 implantation 
tests, and had an observable peak on the curve (Figure 5.19b). For the 2 tests the average load 
of the peak was 390 mN, and the displacement was 9.93 mm.  
 
Figure 5.19: Second silicon prototype implantation tests in porcine cadaver brain. Load versus displacement curves: 
(a) continuously increasing load; (b) peak during implantation highlighted by a dashed line. 
Just like in the aluminum arrays, successful implantation could be verified through 
explantation results. The set-up and withdrawal results on porcine cadaver brain are presented 
on Figure 5.20. The key moments during withdrawal are highlighted by a dashed line (Figure 
5.20b). In moment 1 the brains’ surface is in its relaxed state, in moment 2 a maximum 
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tension is applied, and in moment 3 there is a complete detachment between the array and the 
brain. A temporary protuberance could be observed in the region of implantation close to 
moment 2 (Figure 5.20a). This was followed by a drop in the applied tension which led to the 
instant where the array was completely detached from the brain (moment 3). Only 4 out of 6 
explantation tests were successful. The unsuccessful implantations could be observed due to 
the lack of moment 2 on the tension versus displacement curve. The average difference 
between maximum tension and brain relaxation of the successful implantations were 49 mN 
with a standard deviation of 16 mN.  
 
Figure 5.20: Second silicon prototype explantation tests, on porcine cadaver brain. (a) Local protuberance highlighted at the 
array site due to drag forces. (b) Tension versus displacement with key moments highlighted with a dashed line: 
Moment 1, brain relaxation; Moment 2, maximum tension; Moment 3, complete detachment. 
 
Buckling and Shear Test 
A compression test was performed against an aluminum support in order to determine 
the buckling load the pillars (Figure 5.21a). At a displacement rate of 1.67 µm/s, an abrupt 
drop in load is observed under the compression test (Figure 5.21b). This drop represents the 
breaking of pillars at a correspondent load of 59 N. Due to the stiffness of silicon, the pillars 
break instead of bending or buckling. This moment is represented by a peak on Figure 5.21b. 
A shear test was performed on a single pillar in order to determine its resistance to 
bending (Figure 5.21c). A load of 59 mN was necessary to break the pillar at a displacement 
rate of 1.67 µm/s (Figure 5.21d).  
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Figure 5.21: Second silicon prototype compression and shear tests. (a) Set-up of compression and (c) shear tests. (b) Load 
versus displacement for compression, and (d) shear tests. On both images the peak represents the moment of 
pillars breakage. 
Flexibility Test 
A flexibility test was performed using the three point flexural test. The tested sample 
was 19.2 mm wide and 4 mm long. The support was made of aluminum with 15 mm spacing 
between supporting points (Figure 5.22a). A downward load was applied at the middle of the 
sample until rupture could be observed. A maximum deflection before rupture of 0.3 mm was 
achieved while applying a load of 1.8 N (Figure 5.22b) 
 
Figure 5.22: Second silicon prototype three point flexural test. (a) Moment of rupture. (b) Load versus displacement, with an 
abrupt drop at rupture moment. The peak represents the moment of rupture. 
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5.2.4 Comparison 
For the agar gel, both arrays showed a tendency to decrease the implantation load with 
the increase of implantation speed. The observed peaks on the agar tests, suggests the 
existence of a layer at the surface which offers a bigger opposition than the bulk. This could 
be caused by a dehydration of the gel’s surface due to air exposure.  
The implantation load of the aluminum and silicon pillars at 3 mm/s in agar was of 6 
and 2.65 mN respectively, which results on a load difference of 3.35 mN per pillar. Also, the 
implantation load per area of the aluminum pillars is 84% superior in comparison to the 
silicon pillars. Possible causes are the difference on the shape of the tip between arrays and 
also the stiffness of the pillars. The inferior stiffness of the aluminum pillars may provide 
lower shear forces on the surface of the agar thus requiring greater loads for the piercing of 
the agar’s surface. 
The compression tests showed that the average force to bend/break one aluminum and 
one silicon pillar was 0.18 N and 1.6 N respectively, which represents an absolute difference 
in force of 1.42 N. This implies that, in terms of force per area, it was necessary to employ 
10 times greater force to bend/break pillars made of silicon when compared to aluminum. The 
underlying cause of this effect is the superior Young’s modulus of silicon. 
 The flexural tests showed that the aluminum sample flexed 0.5 mm more than the 
silicon sample. This represents a deflection 3 times greater of the aluminum sample versus the 
silicon one. The greater flexibility of the aluminum sample could be caused by the increase of 
flexibility properties of the epoxy after undergoing wet-etching and also the ductility of 
aluminum itself. 
Both arrays were able to pierce the pia matter, which suggest a high robustness of the 
pillars. The explantation data shows that the maximum tension to withdraw the aluminum 
pillars is almost two times superior when compared to the silicon ones. The superior surface 
roughness of the etched aluminum, when compared to the diced silicon, could be the cause of 
this increase in tension. 
 
5.3 Electrochemical 
The thin-film of gold and platinum were characterized by electrochemical impedance 
spectroscopy (EIS). This test is valuable for assessing the recording capabilities of the 
electrode by measuring its electrical impedance and phase angle. The impedance is recorded 
for a wide range of frequencies, particularly, the impedance at 1 kHz is of neurobiological 
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interest because the action potential typically lasts approximately 1 ms [7]. The phase angle 
describes how capacitive or resistive the interface is. Low capacitance is desirable for neural 
recording since it will provide an overall lower electrode impedance specially at low 
frequencies [8]. Figure 5.23 shows the electrical model of the electrode-electrolyte interface, 
also known as the simplified Randles circuit [9]. In this circuit, Rct represents the charge 
transfer resistance, Cdl the double layer capacitance, and Rs the solution resistance. 
 
 
Figure 5.23: Equivalent circuit of the electrode-electrolyte interface (simplified Randles circuit). 
 
Cyclic voltammetry (CV) was performed on the platinum thin-films in order to assess 
the stimulation capabilities of the electrode. The CV allows the determination of the total 
amount of charge per area, also known as the charge storage capacity (CSC), which is a 
measure of the total amount of charge available for a stimulation pulse [10].  The greater the 
CSC of an electrode, the greater will be its ability to deliver charge into the tissue. 
The CV was only performed on the platinum thin-film, since gold is not suitable for 
stimulation due to its rapid dissolution in the presence of chloride ions [11,12].  
For both EIS and CV, a three-electrode set-up was used (Figure 5.24). The set-up 
consisted of a test electrode (TE), an Ag/AgCl reference electrode (RE), and a large area 
(4 mm × 4 mm) platinum counter electrode (CE) [13].   
In EIS test, a small sinusoidal AC wave is applied between the TE and the RE, while 
the electric current flows from the TE to the CE. 
In the CV test, a triangular AC wave is swept cyclically between the TE and the RE 
between two potential limits while allowing current to flow between the TE and the CE. 
In both cases there is no flow of current between the TE and the RE. 
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Figure 5.24: Three electrode cell configuration used for EIS and CV. 
 
The EIS and CV were performed by a Gamry Reference 600TM Potentiostat. 
Microscope slides were used as testing platform for the thin-film characterization. These glass 
slides were subjected to the same deposition parameters as the neural arrays. 
 
5.3.1 Gold 
A 300 nm thick, thermal evaporated thin-film of gold was tested for impedance and 
phase angle on the electrochemical cell. The electrode was subjected to a phosphate buffered 
saline (PBS) electrolyte with an exposed area of 4.15 cm2. A 10 mV AC voltage was applied 
between the test and reference electrode, with frequencies ranging from 1 Hz to 1 MHz. 
Figure 5.25a, shows the impedance of the film versus applied frequency. An 
accentuated decrease in impedance can be observed from 1 Hz to 100 Hz, stabilizing around 
5 kΩ. At 1 kHz, the acquired impedance was 4.5 kΩ.  
The electrode displays a nearly resistive (phase angle < −10º) behavior for frequencies 
between 1 kHz and 100 kHz and a capacitive behavior for the remaining frequencies (Figure 
5.25b). The equivalent model was fitted to the impedance curve using the Levenberg-
Marquardt algorithm [14] resulting on the following values: Rct = 22.4 kΩ; Cdl = 1.96 µF; and 
Rs = 4.4 kΩ. 
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Figure 5.25: Bode plot of the EIS of the gold electrode in PBS solution: (a) impedance; (b) phase angle. 
5.3.2 Platinum 
A 180 nm thick, platinum thin-film was tested for impedance and phase angle on the 
electrochemical cell. The electrode was subjected to a 0.9% NaCl water solution (saline) with 
an exposed area of 0.28 cm2. A 10 mV AC voltage was applied between the test and reference 
electrode, with frequencies ranging from 1 Hz to 1 MHz. 
Figure 5.26a, shows the impedance of the film versus applied frequency. A continuous 
decrease in impedance can be observed from 1 Hz to 1 kHz with a stabilization from 10 kHz 
on. At 1 kHz, the acquired impedance was 1.96 kΩ.  
The electrode displays a capacitive behavior from 1 Hz to 10 kHz, being nearly 
resistive (phase angle < −10º) from 10 kHz on (Figure 5.26b). The equivalent model was 
fitted to the impedance curve using the Levenberg-Marquardt algorithm resulting on the 
following values: Rct = 428 kΩ; Cdl = 306 nF; and Rs = 1.17 kΩ. 
 
 
Figure 5.26: Bode plot of the EIS of the platinum electrode in NaCl solution: (a) impedance; (b) phase angle. 
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A cyclic voltammetry was performed on the same electrode applying a potential range 
between −1 V and 1.25 V (Figure 5.27). This range represents the water window for platinum 
and is defined as the potential region between the oxidation of water to form oxygen and the 
reduction of water to form hydrogen (moments 2 and 4). The oxidation of the platinum is 
marked by a sharp increase in current while applying 1.25 V, and the reduction is marked by 
the sharp decrease in current while applying −1 V. If the electrode potential passes beyond 
either of these two water window boundaries, all further injected charge goes into the 
irreversible processes of water oxidation or reduction [15].  
The CSC was calculated from the time integral of the cathodic current within the 
water electrolysis window potential range. The cathodic current corresponds to the reduction 
of the electrode and is represented by the part of the curve that has negative current. The CSC 
corresponds to the area of the curve with negative currents (cathodic currents). The calculated 
CSC was 200 µC representing 700 µC/cm2. This CSC value for Platinum, which is in 
accordance with other studies, demonstrates the ability of the film for stimulation 
purposes [10,16].   
 
Figure 5.27: Cyclic voltammogram of Platinum in NaCl with a sweep rate of 100 mV/s. Key moments highlighted: (1) Pt 
oxidation; (2) O2 release; (3) Pt reduction; and (4) H2 generation. 
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6 Conclusion 
Conclusion 
 
The present work showed the design parameters, fabrication approaches, and 
characterization of tridimensional neural electrodes. Four prototypes were developed, two 
using aluminum and the other two using silicon. The second prototype of each material 
represented an evolution from the first prototype and will be referred from now on as 
aluminum and silicon array. 
The primary objective was the fabrication of a high-density array with the ability to 
reach areas of the brain below the cortex in the rat. This animal is commonly used as model 
for neurological studies and has a cortex thickness of approximately 2 mm [1]. Deeper 
structures of the brain such as the hippocampus could be more effectively studied by such 
devices. Also, commercially available, microfabricated, tridimensional arrays are either 
limited to a recording depth of 2 mm or require manual assembly of its parts [2–4].  
 The secondary objective was the development of a fabrication approach that required 
fewer steps than commercially available probes and at the same time avoided costly 
technologies such as reactive ion etching (RIE) and chemical vapor deposition (CVD).  
Both objectives were achieved with success. High-aspect-ratio pillars with lengths of 
3 mm and 4 mm were accomplished by the aluminum and silicon arrays, respectively. The 
silicon array relied basically on dicing technology and polymer deposition, while the 
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aluminum array needed an extra step of wet-etching, providing a simple and cost-effective 
fabrication approach. 
6.1 Aluminum vs. Silicon 
Both aluminum and silicon showed some strengths and weaknesses as structural 
material of the array.  
Aluminum pillars have greater electrical conductivity and mechanical flexibility than 
doped silicon. Its high-electrical conductivity allows low signal loss and thus better quality 
signals. Its superior flexibility reduces the mechanical mismatch between brain tissue and 
pillars, decreasing the amount of local inflammation and neurodegeneration [5]. However, 
aluminum showed some disadvantages, such as the difficulty of dicing high-aspect-ratio 
pillars and the accumulation of aluminum residues at the blade.   
High-aspect-ratio silicon pillars could be cut with the dicer without residue formation. 
They had a buckling load 10 times superior to aluminum. This significant difference is due to 
the greater Young’s modulus of silicon. This superiority allows pillars with higher aspect-
ratios to sustain the same amount of load without bending. Being the standard semiconductor 
material, silicon has been widely used as neural probe and is fully compatible with standard 
CMOS processes [6,7]. These two facts offer greater processing knowledge on this material, 
and also, a wide variety of available microfabrication techniques without the need of 
adaptations [8]. On the other hand, silicon pillars could easily break during cutting due to its 
brittleness, which required special dicing procedures.  
6.2 Fabrication 
Dicing 
The dicing technology was effective at making high-aspect-ratio pillars with 
consistent width. Actually, the variation of the 4 mm long silicon pillars was below the 5 µm 
resolution of the microscope. The performance of tips using this technology avoided others 
more costly technologies [9–11]. It also allowed the same equipment to perform multiple 
steps of fabrication, reducing its overall complexity. 
The dicing of high-aspect-ratio structures required special concerns in terms of blade 
type, depth and speed of cut. Aluminum and silicon offered different challenges when 
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performing high-aspect-ratio pillars.  
Aluminum pillars required a minimum width of 280 µm in order for 3 mm long pillars 
to withstand the cut. Smaller widths or longer lengths resulted in pillars bending. Also, the 
right choice of blade thickness, bond type and diamond grit size was essential. Only blades 
with large grit size (≥ 23 µm) were successful at dicing aluminum, while small grit size 
(3 µm), even at slow speeds would invariably lead to blade breakage.  
Silicon allowed higher aspect-ratio pillars than aluminum. Although 130 µm wide 
pillars were successfully performed through dicing, they required cuts with increasing depths 
in order to avoid pillar breakage. This approach allowed 94% of the measured pillars to 
withstand the cuts. Only a blade with flexible bond type (NBC) and small grit size could 
achieve these results. Other blades such as Z09 and ZHDG with equal or greater grit size 
would drastically decrease the number of intact pillars. Probable reasons for this decrease 
were the relative big grits and the stiffness of the blades’ bond which would cause chipping of 
the silicon and increase cutting vibration, eventually leading to pillars breakage. 
For both materials, very slow cutting speeds (0.3-0.5 mm/s) had to be applied in order 
to result in pillar integrity. In fact, on the last dicing stage, the cuts usually required the 
minimum speed allowed by the equipment (0.3 mm/s). Low speeds were also mandatory to 
maintain good quality of cut and blade integrity. Wavy cuts and blade breakage was observed 
with NBC blades when cutting 4 mm deep grooves in silicon with speeds equal to or above 
1 mm/s. From literature, grooves with a maximum aspect ratio of 20:1 were mentioned but in 
this work, grooves with 27:1 were successfully performed at very low speeds [12]. 
Encapsulation 
The encapsulation with medical grade epoxy (HysolTM M-31CL) required a special 
degassing procedure in order to avoid entrapment of air bubbles. Air is added in the epoxy 
when the two components are mixed. Besides removing the air bubbles, the degassing period 
also decreased the epoxy viscosity, since the polymer curing starts at the moment of mixing. 
A balance between degassing time and viscosity was attained at 45 minutes, since longer 
periods would make the resin too viscous to flow into the interpillar space. Another concern 
was the use of small amounts (< 2 g) of resin in order to avoid excessive heat generated by the 
chemical reactions while curing. Larger quantities would result in pillars bending or cracking 
due to thermal expansion. 
Thermomigration 
The two proposed thermomigration approaches could only dope 800 µm thick layers 
of silicon. The inability to dope 4 mm thick silicon wafers showed to be unfeasible by these 
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two approaches. In order to perform the migration of aluminum in such thick substrates, an 
apparatus able to produce a more stable and a greater temperature gradient would be 
necessary. Systems have been developed to successfully perform the migration of aluminum 
in silicon. Issues concerning trail merging, poor yield, low interelectrode impedance, and set-
up complexity have been reported on such systems [13–15].  
General approach 
The fabrication approach of the silicon array relies on dicing, polymer and thin-film 
deposition, while the aluminum array requires an extra step of wet-etching. Both arrays avoid 
the used of techniques usually required in the fabrication of tridimensional neural electrodes 
such as photolithography, RIE and CVD, which represents a simpler and cheaper fabrication 
methodology [6,8]. 
6.3 Characterization 
Through optical and scanning electron microscopy the pillars’ aspect-ratio, tips’ 
morphology, encapsulation, and thin-film morphology were analyzed. Observations with a 
60x magnification under the optical microscope showed no width variation for both aluminum 
and silicon arrays after encapsulation. At this magnification details below 5 µm were 
imperceptive, which implies that width variations below 5 µm were achieved. The same 
behavior could be observed on the length of the silicon pillars. On the other hand, the 
aluminum pillars showed a variation in length mainly due to tip differences. The ductility of 
aluminum introduced these tip variations, since with the passing of the blade small differences 
would appear at the tip. 
The determination of successful implantation of the array in porcine cadaver brain 
showed some challenges, since during implantation the force versus displacement curve did 
not show clear evidences of penetration. The success of implantation was confirmed through 
the explantation tests, since a local protuberance and a detachment instant could be observed 
on the tension versus displacement curve. Displacements of three to four times the length of 
the arrays were necessary for implantation to occur. The amount of dimpling before 
implantation suggests that the pia matter behaved as a penetration barrier. These results 
indicates that high-velocity implantation techniques such as impaction insertion are better 
suited to implant a dense array of needles without massive tissue dimpling and 
compression [16].  
The compressive tests on both arrays showed that silicon pillars could withstand 
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10 times greater axial loads than aluminum pillars. This implies that silicon pillars thinner 
than aluminum could support the same amount of compressive load without breaking. This is 
valuable since pillars with small cross-section result in small insertion trauma.  
Gold and platinum films were electrochemically tested on a three electrode cell. Both 
gold and platinum showed a decrease in impedance with the increase of frequency, due to 
their capacitive behavior. At high frequencies the acquired impedance was mainly due to the 
solution resistance. Only platinum could behave as stimulation electrode, since charge 
injection on the gold film would quickly destroy it. A charge injection capacity of 700 µC/cm2
was observed for the platinum film. 
6.4 Future work 
Further work would be necessary to connect the array to external devices. Through the 
use of interconnecting technologies such as wire bonding, it would be possible to electrically 
link each electrode to external instrumentation. This link would allow the EIS measurement 
directly on the array therefore allowing a better control of the electrode’s impedance. Also, 
the wired connection would allow the acquisition of signals on live animals such as rats and 
comparison to commercial electrodes.  
The addition of signal processing electronics and wireless communication electronics 
embedded on the array would be the next step after the wired connection since this would 
decrease the risk of infections due to transcutaneous connections. Also, by being completely 
integrated with the body, with no external connections it would add greater mobility to the 
test subject and ubiquity to the device. In order to add these features, technologies such as 
flip-chip bonding, and polymer encapsulation should be employed [17]. 
The deposition of uniform films on the electrode surface should be addressed by using 
techniques such as rotating substrates on PVD systems. Other approach would be the 
electrodeposition of biocompatible polymers capable of charge injection such as PEDOT [18]. 
A more conclusive test should be done to determine array implantation. Techniques 
such as high-resolution computer tomography could be performed to confirm implantation 
success with a greater accuracy. 
The development of a fabrication procedure able to decrease the cross-section of the 
pillars would be valuable, since this would produce a smaller immune response [19]. 
Decreasing the pillars cross-section would allow a greater density of electrodes, which is 
valuable in the neuroprosthetics field [20].  
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A future improvement to the device would be the addition of light emitting 
capabilities. The ability to stimulate neurons with light has proven to be of great value to 
neuroscientists, in an emerging field called optogenetics. The incorporation of light guides 
along the pillars or micro light emitting diodes at their tip could add the desired optical 
capabilities to the array. These features would require a significant increase in fabrication 
complexity of the array [21]. 
Also, the ability to perform chemical sensing in the brain could bring some insights on 
the continuous electrical and chemical interactions of the brain. Possible schemes could use 
electrochemistry, hydrogels, or plasmonic crystals [22–24]. Chemical interaction could be 
performed with the addition of drug delivery capabilities like microchannels or biodegradable 
carriers [25,26]. 
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Abstract 
A novel fabrication process for a high-aspect-ratio recording and stimulation intracortical neural microelectrode array 
is described. Using a combination of dicing and KOH wet-etching, microspikes are formed on the surface of a n-type 
(100), 4 mm thick, silicon wafer. Deep 3 mm cuts are performed in order to produce sharped tip pillars of 
high-aspect-ratio (0.2x0.2x3 mm). Thermomigration is employed as a selective doping technique performing 
electrically insulated pillars due to the pn back biased junctions formed between each pair of n-type substrate and p+ 
migrated trails. Gold is deposited over the spikes in order to have a good ionic interface with the neural tissue, while 
the remaining surface is passivated with a biocompatible layer of cyanoacrylate. The final result is a deep penetrating 
electrode array with potential new applications in neuroprosthetics’ research field. 
© 2012 Published by Elsevier Ltd. 
Keywords:Invasive neural electrode; Microelectrode array, thermomigration, silicon. 
1. Introduction
Invasive neural electrodes are widely used tools in neuroscience to study the behavior and function of
the central nervous system at cellular level. There is also a growing interest in the clinical application of 
* Corresponding author. Tel.: +351-253-517374; fax:  +351-253-510189. 
E-mail address: alexandre.peixoto@dei.uminho.pt. 
2 Author name / Procedia Engineering 00 (2012) 000–000 
stimulation and recording neural electrodes. Several successful applications of implantable neural 
prostheses, such as cardiac pacemakers, cochlear implants and deep brain stimulators, are commercially 
available. Many disorders can be treated with these neural prostheses (e.g. irregular heart rate, deafness 
and Parkinson’s disease).  
Recent scientific advances in the neuroprosthetics therapies’ field and the need to gain scientific 
insights on how populations of neurons interact in the complex and distributed systems that generate 
behavior, triggered the development for long penetrating electrodes. 
Intracortical microelectrode arrays can offer a selective access to individual nervous cell activity and 
also provide a greater spatial resolution than previously achieved with individual electrodes. Many 
spike-shaped microelectrodes based on silicon that can be safely inserted into the brain have been 
successfully developed [1].  
However, in order to selectively stimulate and record from single or multiple neurons each electrode in 
the array must be electrically independent from the others. A physical phenomenon known as 
thermomigration is used to selectively dope the silicon, creating conductive trails across the silicon wafer. 
After the doping procedure, a biocompatible ionic transducer is deposited over the electrodes’ tips, while 
the remaining surface of the array is insulated with a biocompatible material. 
In this paper, it is presented a neuronal electrode array fabrication process based on the 
thermomigration technique. 
2. Selective doping
Liquid droplets in a solid migrate in a thermal gradient because atoms of the solid dissolve into the 
liquid at the hot interface of the droplet, diffuse across the droplet, and deposit on the cold interface of the 
droplet. The resulting flux of dissolved solid atoms from the hot to the cold side of the droplet causes the 
droplet to migrate towards the hot end of the crystal [2].  
This droplet movement applied to semiconductor and metal is often called thermomigration. The 
selective doping starts with the deposition of aluminum pads over an n-type silicon wafer. The aluminum 
pads deposited on the cold surface form droplets of silicon-aluminum liquid alloy, which tend to migrate 
along the temperature gradient towards the hot surface. 
As the droplets move through the wafer, the silicon, now doped to saturation with aluminum, 
recrystallizes behind the droplets. Eventually the droplets traverse the entire thickness of the wafer, and 
deposit themselves on the hot surface. As aluminum is a p-type dopant, this process leaves a trail of 
p+-type silicon in the n-type wafer [3]. 
Figure 1: Aluminum migration due to thermal gradient; a) Liquid alloy formation; b) Migration of silicon-aluminum liquid alloy 
towards hot surface. 
(a) (b) 
Author name / Procedia Engineering 00 (20121) 000–000 3 
3. Fabrication procedure
The fabrication process starts by dicing 0.2x0.2x0.3 mm pillars on a 4 mm thick n-type (100) silicon 
wafer (Figure 2b and Figure 3a). In order to create sharp tips, the substrate with an array of pillars 
undergoes a KOH wet-etch process for 4 hours (Figure 2c and Figure 3b). The etching stage was 
performed with a 30 % KOH solution at 90 ºC. 
On the following step, a thin-film of photolithographically patterned aluminum squares is deposited on 
the bottom surface of the silicon substrate (Figure 2d). With a heat source underneath the substrate and a 
cooling convection system above it, a strong thermal gradient (0.02 ºC/μm [4]) is formed across the wafer  
and the thermomigration process starts. With a minimum of 660 ºC in the cold surface, the aluminum 
squares melt and form a silicon-aluminum liquid alloy which migrates through the silicon wafer’s 
cross-section and establishes a conductive channel (Figure 2e).  
A second dicing procedure is performed in order to create high-aspect-ratio 0.4x0.4x3 mm pillars with 
sharp tips (Figure 2g and Figure 3c). Because of the pillars’ high-aspect-ratio and the silicon brittleness, 
the cutting speed needed to be below 1 mm/s.  These pillars are electrically insulated from each other by 
the resulting back to back pn junction, which is formed between any pair of p+ trails (Figure 2f). 
Lastly the tips are coated with gold which is a good ionic transducer, and the remaining surface is 
passivated by depositing a biocompatible layer of cyanoacrylate (Figure 2h) [6]. 
Figure 2: Fabrication steps; a)Silicon substrate; b) Diced micropillars; c) Etched micropillars; d) Aluminum deposition; e) p+ 
trails due to thermomigration; f) Interelectrode insulation due to back biased pn junction; g) Diced sharped pillars; h) Gold 
deposition and polymer coating.  
(a) (e) 
(b) (f) 
(c) (g) 
(d) (h) 
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Figure 3: Photos of the fabricated prototype; a) Diced micropillars; b) Etched micropillars; c) Final electrode array. 
(a) (b) (c) 
4. Conclusion
A process to fabricate an invasive microelectrode array that enables deep reaching and individually 
addressable electrode has been presented. The fabrication procedure ensures a final structure with 
high-aspect-ratio electrodes. The presented approach of multi-dicing steps and thermomigration provides 
a consistent method of high-reproducibility. The method requires KOH as etchant instead of a HF, HNO3 
mixture, a hazardous acid, needing extra safety requirements, commonly used for etching highly-doped 
p-type silicon wafers.  
The thermomigration phenomenon enables not only the definition of local conductive paths across the 
wafer for the biopotential signal drive, but also the formation of pn junctions for interelectrode insulation. 
The conductive channel uniformity is highly dependent on the temperature conditions that the wafer is 
subjected to. An evenly distributed heat below the wafer will practically eliminate irregularities in the 
doped trails, leaving behind only minor deviations. 
The presented technique is a strong alternative for microelectrode array fabrication by combining KOH 
wet-etch and silicon dicing on a high-yield process. 
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Neural Electrode Array Based on Aluminum:
Fabrication and Characterization
Alexandre Coumiotis Moreira Peixoto, Sandra Beatriz Gonçalves, Alexandre Ferreira Da Silva,
Nuno S. Dias, and J. Higino Correia, Member, IEEE
Abstract— A unique neural electrode design is proposed with
3 mm long shafts made from an aluminum-based substrate.
The electrode is composed by 100 individualized shafts in a
10 × 10 matrix, in which each aluminum shafts are precisely
machined via dicing-saw cutting programs. The result is a
bulk structure of aluminum with 65◦ angle sharp tips. Each
electrode tip is covered by an iridium oxide thin film layer
(ionic transducer) via pulsed sputtering, that provides a stable
and a reversible behavior for recording/stimulation purposes,
a 40 mC/cm2 charge capacity and a 145  impedance in a
wide frequency range of interest (10 Hz–100 kHz). Because
of the non-biocompatibility issue that characterizes aluminum,
an anodization process is performed that forms an aluminum
oxide layer around the aluminum substrate. The result is a
passivation layer fully biocompatible that furthermore, enhances
the mechanical properties by increasing the robustness of the
electrode. For a successful electrode insertion, a 1.1 N load
is required. The resultant electrode is a feasible alternative to
silicon-based electrode solutions, avoiding the complexity of its
fabrication methods and limitations, and increasing the electrode
performance.
Index Terms— Invasive electrode, recording, stimulation,
iridium oxide, aluminum, electrode array, sharp tips.
I. INTRODUCTION
THE ability to access deep areas of the brain to record theelectrical activity or to perform functional stimulation is
a key feature to understand the neurophysiological processes
and to restore nervous system’s lost functionalities [1].
This became possible with the development of neural inter-
faces. They have been designed to establish a connection
between the neurons (electrically active cells of the nervous
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system) and the electronic system that handles the biopoten-
tials. One may find neural interfaces in limb prostheses for
spinal cord injury and stroke, bladder prostheses, cochlear
auditory prostheses, retinal and cortical visual prostheses,
cortical recording for cognitive control of assistive devices,
and deep brain stimulation for essential tremor in Parkinson’s
disease [2].
In order to establish a neural interface it is necessary to
transduce a signal between the electrical domain (electronic
circuit) to the biological domain (neurons) and vice-versa. This
is accomplished using an electrode in which a charge trans-
duction occurs between the electrons species of the electrode
material and the ions species of the electrolyte.
Nonetheless, the neural electrodes differ from the standard
biopotentials electrodes. The neural solutions are known to
be invasive, of small size, and multichannel. One can define
a set of features that neural electrodes should comply with,
namely: electrodes should remain stable for long periods of
time; its cross section should be as small as possible in order to
displace or damage as little tissue as possible during insertion;
and the implantable electrode should have a large density of
transduction ports to interface with different neurons.
In this neurophysiologic field, two neural electrodes designs
stand out: the Michigan probe [3] and the Utah probe [4].
The Michigan probe is a multi-point electrode type.
The electrode is composed by an array of shafts that in
each one, there are several transduction ports individually
addressable. The result is a map of the electrical activity at
multiple depths of the brain (along the shaft depth). How-
ever, this electrode designs presents a fabrication process
highly complex with a low production yield. Furthermore, the
fragility of each shank leads to breaks during the insertion,
and consequently tissue damage [5].
The Utah probe is characterized by an array of shafts, with
a single transduction point at the shafts’ tip. Its fabrication
process is based on the micromachining of silicon wafers via
physical and chemical processes. Depending on the wafer (if
type p or n), exotic processes are required as thermomigration
to establish conductive paths across the wafer [6], or instead,
glass fusion to isolate each shaft from the surrounding shafts in
the same array [7]. Either way, the Utah’s fabrication processes
have strict requirements as high temperature ovens for fusing
glass or even specially designed ovens for the thermomigration
technique. Moreover, it requires the use of wet-etching to
sharpen the shafts’ tips. Overall, these mentioned processes
end up resulting in a low reproducibility rate.
1530-437X © 2013 IEEE
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Fig. 1. Fabrication steps: (a) Aluminum substrate; (b) Pads region delimitation; (c) Pads’ groves filling with epoxy resin; (d) Shafts cutting stage; (e) Shafts
sharpening; (f) Shafts cleaning via etching stage; (g) IrO2 thin-film deposition at the shafts’ tips; (h) Electrode passivation.
Moreover, in both approaches a maximum penetration depth
of 1.5 mm has been reported [5].
A new fabrication approach is proposed, using a different
bulk material for the electrode substrate, different techniques
that provide high-production yield, reproducibility, and an
electrode with 3 mm range of depth. The presented electrode
design is made from an aluminum-based bulk substrate, with
iridium oxide (IrO2) as ionic transducer at each shaft tip and
coated with a passivation layer of aluminum oxide. The fab-
rication steps are described in detail and the electrode is fully
characterized (morphologically, mechanically and electrically).
II. ELECTRODE DESIGN
When designing a neural electrode, it is important to
consider the need for a stationary solution, capable of pro-
viding high-spatial resolution interface with the neurons [8]
and reaching several points of interest [9] with increasing
penetration depths. Moreover, due to the invasive nature of
neural electrodes, it becomes imperative, for Chronic applica-
tions, to ensure mechanical, chemical and electrical long-term
stability.
The electrode requirements define the constraints regarding
materials to be used, fabrication processes and overall elec-
trode shape.
The single-channel matrix design has proven to be the most
adequate design for implantable neural electrodes [10] due to
its robustness and flexibility.
The fabrication of the electrode should be compatible with
large-scale manufacturing solutions and therefore, a simple
and highly reproducible process was sought. The two major
techniques selected were a combination of dicing with wet-
etching. By using the dicing with a special designed saw that
presents a wedge shape, it would be possible to establish a
cutting plan that would create the sharp tips and the long
shafts. The wet-etching would only be applied for cleaning
purposes, removing all the scrap material that piles up in the
cuts.
In combination with the fabrication technique, a different
bulk material was selected. Instead of using the standard
silicon wafer, it was decided to use an aluminum piece as
bulk. Aluminum, being a ductile and easy to machine material,
offers some advantages over silicon commonly used in the
production of neural prosthesis. Aluminum is a natural good
conductor, offering very low resistivity (28.2 n.m) [11].
This characteristic offers an electrical advantage over doped
silicon, which has been reported to have a resistivity at best
of 50,000 n.m [12], which is a difference of 3 orders of
magnitude between aluminum and doped silicon.
However, aluminum has two main drawbacks: non-
biocompatibility and low Young’s modulus. Although alu-
minum is used as body material and conductive channel
for the biopotentials, it is required to coat/passivate it not
only to ensure that no aluminum is in contact with neural
tissue due to toxicity reasons but also to guarantee that only
the tip is performing the signal interface with the neurons
and not the entire shaft. The aluminum ductility may be a
concern, depending on the aspect ratio of the fabricated shaft.
But, since one desires long shafts with low widths, the ductility
may induce the shaft to bend during the insertion. In order to
avoid these two issues, an anodization procedure is proposed.
It is possible to anodize the aluminum, creating an external
coating of aluminum oxide. The result is a covering that not
only is biocompatible and therefore solving the cytotoxicity
issues but that also has a superior Young’s modulus compared
to the aluminum that enhances the structural robustness of the
entire electrode [13], [14].
It is necessary to select the material to perform the ionic
transduction at the shaft’s tip site as neither aluminum nor
doped silicon are able to perform the charge transfer at
the electrode-electrolyte interface. There are several suitable
materials, which include silver/silver chloride (Ag/AgCl) [15],
titanium nitride (TiN), platinum (Pt) [16] and iridium oxide
(IrO2) [17]. Nonetheless, IrO2 has been proven to be one of
the most promising and preferred materials for electrodes [18],
[19] due to its high charge delivery capacity, low constant
impedance over the entire frequency range for neural stimula-
tion and biocompatibility [20].
III. ELECTRODE FABRICATION
The fabrication procedure for the proposed electrode design
(Figure 1) uses a combination of different techniques, namely:
dicing, polymer deposition, wet-etching and electrolytic pas-
sivation.
The dicing stage comprises a cutting plan to delineate and
to shape the wafer in order to establish the structural shape of
the intended electrode array matrix. The cutting plan is divided
into four sub-stages, all of them performed on a Disco DAD
2H/6T dicing machine, equipped with Disco ZHDG blades
capable of performing 3 mm deep, 0.250 mm wide cuts and
V-shaped grooves. The substrate was an aluminum square
chunk, 99 % pure, 10 mm wide and 5 mm thick.
The first series of cuts is performed on the backside of
the aluminum chunk (Figure 1b) and intends to outline each
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Fig. 2. Definition of the pads regions on the aluminums wafer’s backside.
pad Region. These pads will be the connecting sites for
interrogating each electrode tip. The cuts have a grid profile,
in which the cut is 2.5 mm deep and 1 mm spaced (Figure 2).
Afterwards, the resultant cavities are filled with an epoxy-
resin (Figure 1c) that will serve as electrical insulation between
electrodes in the final structure and will also be the struc-
tural element that provides structural integrity to the elec-
trode matrix and keep it as a whole and single component.
The polymer is slowly laid over the backside center, forcing
the air inside the groves to be pushed out as the polymer
fills the grooves. After the polymer cure, the backside surface
is grinded and polished to remove the excess of polymer,
resulting in a smooth surface.
The epoxy-resin was the selected material due to its high-
level of adhesion to aluminum and chemical resistance.
With the backside defined, the fabrication steps are now
dedicated to creating the sharp shafts (Figure 1d–f).
First, a cut plan is performed to machine a matrix of 3 mm
high and 350 μm wide pillars (Figure 1d). The space between
pillars is in accordance to the distance between pads. In this
case, a 1 mm space was set in order to create a 10 × 10
electrode matrix in a 10 mm wide square aluminum chunk.
Higher electrode densities are possible but it is necessary to
adjust the spacing value.
After the first stage of cuts, the shafts present a straight
square profile that need to be sharpened to facilitate the
implantation. The shafts are sharpened by passing the cutting
blade on the top of the pillar, near its edge.
After the cut, a large amount of aluminum debris piles in
the space between the pillars and in order to clean it, the
electrode is immersed on type-A aluminum etchant at 50 ◦C
for 30 minutes (Figure 1f) [21]. As the etchant also attacks
the shafts’ aluminum, it is therefore necessary to take it into
account and have a wider shaft width that will be thinned
when immersed in the etching bath. The result is a clean
electrode matrix structure of high-aspect ratio shafts as shown
in Figure 3. A detailed view of the final shafts is showed in
Figure 4.
At this point the electrode’s shafts are not yet functionalized.
So far, one has the main electrode body fully conductive but
not able to perform the charge transduction.
In order to deposit the ionic transducer at the shafts’
tips, an aluminum foil was pressed against them exposing
only the very tips. This foil is placed with the aid of two
Fig. 3. Electrode matrix structure after the etching stage.
Fig. 4. Detailed view of a set of the 3 mm long shafts.
fiber glass sheets. The upper sheet has 500 μm holes with
1 mm spacing between them, allowing the shafts to pass
through it while the lower sheet has no holes. Control-
ling the distance between these two sheets there are four
precision screws and bolts at each corner. By placing the
foil below the upper sheet and controlling the number of
turns in each nut, the exposed region is precisely con-
trolled.
Prior to the iridium oxide deposition, a thin layer of 50 nm
titanium (Ti) is deposited by DC sputtering. The Ti layer will
promote the adhesion of the iridium film to the aluminum.
The iridium oxide is deposited by pulsed Sputtering in a
3.5 sccm oxygen flow at 180 W (50 kHz).
In the last fabrication stage, the aluminum shafts need to
be passivated via anodizing. The process is performed by
submersing the shafts in a sulfuric acid solution while injecting
a 13 mA/cm2 current density through the electrode shafts
(anode) and a platinum electrode (cathode).
A close up image of the aluminum oxide protective layer
can be seen on Figure 5.
IV. RESULTS
A. Morphology
Figure 6 shows the main measurements that define each
shaft tip. The shaft features include a 3 mm high and 250 μm
wide shank, with a square-base pyramidal shape tip with a
65◦ vertex. In a population of 69 samples the average angle
was 65◦ with a standard deviation of 5.67◦, while the average
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Fig. 5. Anodized shafts cross-section with a detailed view of the aluminum
oxide protective layer.
Fig. 6. Detailed view of single shaft tip.
Fig. 7. SEM image of the IrO2 thin-film (top and cross-section view).
height was 3 mm with a standard deviation of 50 μm. The
average tip radius was of 9 μm.
The shaft base is an aluminum block of 0.7 × 0.7 × 0.2
mm3 for a 10 × 10 electrode matrix in a 10 mm square
substrate.
Figure 7 shows in detail the surface and cross-section of the
iridium oxide thin-film deposited at the shaft tip. The images
were obtained by scanning electron microscope technique and
it is possible to identify a grainy structure with a coherent
morphology.
B. Mechanical
The mechanical analysis focused on the load required to
implant the electrode and on the electrode robustness. The tests
Fig. 8. Mechanical test arrangement.
Fig. 9. Electrode’s implantation mechanical response.
were performed on a Hounsfield H 100 KS dynamometer
equipped with a 100 N load cell and capable of a resolution
of 10 mN. The neural tissue mechanical properties were
mimicked via agar-agar gel (1% solution) [22]. Figure 8 shows
the setup arrangement for the implantation analysis.
The crosshead was set to move at a constant displacement
rate of 30 μm/s towards the gel (compressive load), while the
required load was being acquired.
The obtained plot (Figure 9) shows a load increase on the
initial stage while still subjected to the material gel resistance
up to the moment where the electrodes’ tips are able to pierce
the gel. From this moment beyond there is a fast decrease of
the required load to fulfill the entire electrode implantation.
This suggests a bed-of-nails effect during insertion. On the
final stage there is a slightly higher increase slope related to
the material resistance when the electrode was already fully
inserted and the crosshead continued the displacement.
The required load, according to the obtained data, is approx-
imately 1.13 N with a 13 % variation among samples. These
values are similar to results reported in other studies [23].
The electrodes were also removed from the gel after the
test to evaluate their integrity and effect on the gel. None
of the tested samples showed any sign of break or bended
shafts. The pierced holes on the gel seemed to partially recover
from insertion.
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Fig. 10. Cyclic voltammetry measurements for different activation cycles.
Fig. 11. Charge delivery capacity in dependence of the cycle number.
C. Electrical
The electrochemical analysis of the electrodes were
performed on a Gamry Reference 600T M Potentiostat/
Galvanostat. In an electrochemical cell, with a NaCl solution
(0.9 % by weight), the thin-film of IrO2 that performs the
electrode-electrolyte interface underwent cyclic voltammetry
and impedance analysis.
The cyclic voltammogram (Figure 10) shows a reversible
behavior, with minimum changes after several activation
cycles. The reversibility of the process enables the electrode
to be safely used for stimulation purposes.
Figure 11 shows how the charge delivery capacity changes
along the activation cycles of the electrode, providing a look
on how the electrode would perform along its lifecycle. Due
to the electrochemical reactions occurring in the surface of the
electrode its structure is modified resulting in this variation.
The first cycles led to a fast increase of charge delivery
capacity, which gradually reaches a plateau value.
The general shapes of the impedances before and after
activation of 50 cycles are shown in the Bode plot of Figure 12.
The cutoff frequency which represents the transition from
the capacitive region to the resistive region, shifts to lower
frequencies with activation. Successive activation cycles move
the cutoff frequency further to lower frequencies but, the
effects are not as pronounced.
Fig. 12. Bode plot before and after activation with 50 cycles.
By lowering the cutoff frequency, the electrode gains a
wider frequency range of low impedance useful for functional
electro-stimulation. This way, the diffusion control plays a
slighter role in impedance behavior of activated samples,
meaning that, at lower frequencies, the electrode impedance
is dominated by the double layer capacitance [24].
On Figure 12’s secondary axis is possible to identify the
behavior of the sample according to the signal frequency.
For frequencies up to 100 Hz, the sample presents a capaci-
tive component, and above 10 kHz it has a inductive com-
ponent. But, for frequencies between 1 kHz and 10 kHz,
the samples are purely resistive, since the theta is null, and in
this frequency range, the impedance value is around 145 Ohm.
V. CONCLUSION
An electrode array with 3 mm long shafts made from an
aluminum based substrate is fabricated.
The aluminum-based substrate proves to be a feasible alter-
native to silicon-based electrode solution by overcoming its
limitations and its fabrication complexity. Nonetheless, it was
necessary to establish a fabrication method capable of precise
machining and to define solution to overcome the aluminum
own limitations: biocompatibility and ductility.
The proposed fabrication procedure proved to be consistent
and reproducible. Moreover, it enables the fabrication of shafts
with heights well above the ones reported in bibliography.
The result was a robust invasive neural electrode matrix
with 3 mm long shafts. The electrode can be easily implanted,
requiring 1.1 N load at its base. The deposition of IrO2 films
as the ionic transducer showed the required performance for
its application, with a consistent reversible electrochemical
behavior, and 40 mC/cm2 charge delivery capacity and a
impedance of 145 Ohm in the same frequency range as the
stimulation protocols.
Overall, the proposed electrode design becomes an eligible
alternative for biopotentials recording and stimulation appli-
cations.
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a b s t r a c t
A neural electrode array design is proposed with 3mm long sharpened pillars made from an aluminum-
based substrate. The array is composed by 25 electrically insulated pillars in a 5×5 matrix, in which
each aluminum pillar was precisely machined via dicing saw technique. The result is an aluminum struc-
ture with high-aspect-ratio pillars (19:1), each with a tip radius of 10m. A thin-ﬁlm of platinum was
deposited via sputtering technique to perform the ionic signal transduction. Each pillarwas encapsulated
with an epoxy resin insulating the entire pillar excluding the tip. This process resulted in mechanically
robust electrodes each capable of withstanding loads up to 200mN before bending. The array implanta-
tion tests were conducted on agar gel at speeds of 50mm/min, 120mm/min and 180mm/min which
resulted in average implantation forces of 119mN, 145mN and 150mN, respectively. Insertion and
withdrawal tests were also performed in porcine cadaver brain showing a necessary force of 66mN forlexible successful explantation. A three point ﬂexural test demonstrated a displacement of 0.8mmbefore array’s
breakage. The electrode’s impedance was characterized showing a near resistive impedance of 385 in
the frequency range from 2kHz to 125kHz. The resultant array, as well as the fabrication technique, is
an innovative alternative to silicon-based electrode solutions, avoiding some fabrication methods and
limitations related to silicon and increasing the mechanical ﬂexibility of the array.
© 2014 Elsevier B.V. All rights reserved.. Introduction
The ability to access areas of the brain in order to record neu-
al electrical activity or to perform functional stimulation is a key
eature to understand the neurophysiological processes and to
estore the nervous system’s lost functionalities [1]. Advances in
icrotechnologies allowed the development of micrometer size
nstruments to interact with neural tissue. These instruments,
nown as neural electrodes, are usually invasive, of small size, and
ith multiple channels.
Currently, there are many neural electrode approaches andesigns [2]. The Michigan probe [3] and the Utah array [4] stand
ut due to their high-density of electrodes, tridimensional nature
nd efﬁcacy in long term recording.
∗ Corresponding author. Tel.: +351 967947793.
E-mail addresses: ID3251@alunos.uminho.pt, alexbr82@gmail.com
A.C. Peixoto).
ttp://dx.doi.org/10.1016/j.sna.2014.06.020
924-4247/© 2014 Elsevier B.V. All rights reserved.These two approaches are based on silicon microfabrication.
This implies that their fabrication is heavily dependent on CMOS
technology, which is readily and easily available due to themassiﬁ-
cation of consumer electronics. Due to this fact, there’s a signiﬁcant
advantage on using standard microfabrication techniques. How-
ever, this implies that the entire process will be based on silicon.
Despite the many advantages of silicon, brittleness stands out
as a major disadvantage when interacting with biological tissues. A
logical evolution toward bio-integration would be the use of mate-
rials with superior ﬂexibility than silicon.
Both arrays are commercially available but are limited to
cortical regions, due to the size of the electrodes being restricted
to 1.5mm. Longer electrodes have been achieved by using -wire
electrical discharge machining [5]. Longer electrodes like these
would allow the exploration of other brain structures of great
importance for neurophysiology, such as the hippocampus [6].
Rats are commonly used as animal models by neurobiologists to
better understand the human brain [7]. In rats the hippocampus is
situated between 2 and 4mm below the surface [8]. In this paper
2 nd Actuators A 217 (2014) 21–28
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e describe an array consisting of 25 electrodes, each able to reach
mm below the brain surface. At this depth the electrodes are
ble to reach the hippocampus. Aluminum was used as structural
aterial and also as electrical conductor for the acquired signals.
poxy resin was used as encapsulation and also as structural
dhesive between micropillars. The combination of these two
aterials allows greater ﬂexibility than silicon. A sputtered thin-
lm of platinum was used as the transduction layer between signal
cquisition electronics and neural activity. By introducing mate-
ials with higher degree of ﬂexibility than silicon, this approach
ecreased the mechanical mismatch between the brain and the
rray, reducing possible trauma due to brain mechanical dynamics
9]. By avoiding some advanced microfabrication techniques such
s reactive ion etching and chemical vapor deposition, the present
pproach is more cost-effective than the two aforementioned
lternatives. Although using alternative materials, the processes
re based on standardmicrofabrication techniques, thismeans that
he arrays can be manufactured in batches with a throughput yield
imilar to silicon. The fabrication steps are described in detail, the
rray is morphologically and mechanically characterized, and the
latinum thin-ﬁlm electrodes are electrochemically characterized.
This paper also offers a signiﬁcant improvement in several
spects over a previously described aluminum array [10]. The
resentencapsulationprocess relieson thedepositionandselective
emoval of the resin around each pillar, while in the previous ver-
ion an anodizing process was used. While the present approach
erforms a uniform and sealed layer the previous relies on alu-
inum oxide, which has nanopores that are inherent of the
nodizing process [11]. Also, the present approach is simpler since
t avoids the need of a special set-up to inject a controlled cur-
ent from the array to the cathode while submerged in and acidic
olution [12]. The reproducibility is increased in the present ver-
ion, because it relies on the precision of the dicing machining to
einsulate the tips and control the electrode’s active area. The new
rray has a density of 2.8 electrodes per mm2which is more than
ouble the density of the previous version. Higher electrodes den-
ities allows higher spatial resolution of the brain activity, which is
f great value to better understand brain functions [13]. Finally, the
illars’ aspect-ratio almost doubled going from 12:1 to 19:1. This
eduction in the pillar’s cross-section is very important since it is
rucial for neural electrodes to displace the minimum quantity of
eural tissue [6].
. Array design
Due to the various applications of invasive electrodes in neu-
ophysiology, the array’s design should be made according to a
peciﬁc application. Arrays with high-density are preferred when
sed for applications such as neuroprosthetics or for mapping the
nteraction between diverse brain’s regions [2,10]. The described
rray has 25 electrodes, one at each tip of a micropillar, with a
pacing of 600m between each, resulting in an electrode density
f 2.8 electrodes per mm2.
It is also important that the micropillars cause minimum tissue
raumadue to insertion and subsequent tissue displacement. Itwas
major concern to design a probe that would displace the smallest
olume of brain tissue during insertion. This implies that the pillars
hould have the smallest cross section possible. Each micropillar
as a cross section of 160m×160m and 3mm of length, which
esults in a high-aspect-ratio of 19:1. Each micropillar has a pyra-
idal proﬁle with a tip radius of 10m. These sharp tips reducehe insertion force for penetration, subsequently reducing insertion
rauma by minimizing tissue dimpling and compression [15].
The thin and long proﬁle of the pillars requires that their
echanical properties should withstand the axial forces neededFig. 1. Perspective view of the 5×5 electrode array.
for penetration without buckling or breaking, as well as to
withstand the shear stresses due to imperfect insertion, namely,
angled penetration and movement during penetration. Each pil-
lar consists of a combination of an aluminum pillar and a thick
epoxy coating all around the pillar. The aluminum has a compres-
sive strength of approximately 70N/mm2 while the epoxy has a
compressive strength of 65N/mm2 [12,13]. Although with a sig-
niﬁcantly smaller compressive and shear strength than silicon,
aluminum and epoxy offer superior strength than the soft and
viscoelastic brain tissue (Table 1). Also the penetration forces of
cylindrical probes ranging from 100m to 200m in diameter
have been reported to be below 15mN in the rat brain [15]. For this
magnitudeof forces, bothmaterials have themechanical properties
to withstand penetration without bending, as shown in the results
section. In the case of imperfect insertions, the probes can be sub-
jected to shear forces,which could bend themand lead to breakage.
Aluminum and epoxy are ductile materials; this property gives the
probes a greater degree of ﬂexion than silicon.
Signal quality is of great importance, since neural signal have a
magnitude of power in the order of few micro-watts. At this scale,
signal attenuation due to electrical resistance becomes important,
therefore the conducting material should have the least possible
amount of resistance. Aluminum is inherently an excellent electri-
cal conductor with resistivity values of approximately 26.9nm,
which makes it an appropriate choice for conducting electri-
cal signals [17].This characteristic offers an electrical advantage
over doped silicon, which has been reported to have a resistivity
of 50m[18], which is a difference of 3 orders of magnitude
between aluminum and doped silicon. Table 1 compares the dif-
ferent materials properties.
It was necessary to select a material to perform the ionic trans-
duction at each tip since aluminum is not adequate to perform
the charge transfer at the electrode–electrolyte interface. Plat-
inum has been widely used as a neural electrode for recording and
stimulation, with evidences of chemical stability in saline, highly
polarizable, and with relative high charge-injection limits [18–20].
A thin-ﬁlm of Platinum was deposited via DC sputtering at each
electrode, allowing the transduction of electrical signals from the
neuronal tissue. Fig. 1 shows a perspective view of the ﬁnal array.
3. Array fabricationThe fabrication process for the proposed electrode design
used a combination of standard CMOS processes such as wafer
dicing, wet-etching, thin-ﬁlm deposition; and also non-standard
processes such asmicrocasting andadhesivebonding. Although the
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Table 1
Material properties comparison.
Parameter Unit Brain [19] Aluminum [17] Hysol 3430 [16] Silicon [20]
Young’s modulus GPa 19×10−6 70 3.21 190
Shear strength MPa – 75 – 7000
Resistivity m – 2.69×10−8 3×1015 700×10−6a
Compressive strength N/mm2 16×10−3 70 65 8300
Cost – – $ $ $$
a Highly doped silicon [18].
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aferdicing isusuallyperformedonsilicon, ourprocess technology
pplied it for dicing aluminum and epoxy resin.
All dicing steps were performed on a Disco DAD 2H/6T dicing
achine, equipped with Disco ZHDG blades capable of performing
mmdeep, 350mwide cuts andV-shaped grooves. The substrate
sed was a 99% pure aluminum block, 25mm wide and 4mm thick
Fig. 2a).The ﬁrst series of cuts were performed on one of the sur-
aces that we will deﬁne as the “backside” of the array. These cuts
utlined the pads’ region. These pads made the electrical connec-
ion between each electrode tip and the acquisition electronics.
he cuts have a grid pattern with a spacing of 600m and depth
f 1mm (Fig. 2b). Afterwards, the resultant cavities were ﬁlled
ith an epoxy resin (Hysol 9492) that serves as electrical insu-
ation between each pillar, individualizing all the electrodes and
lso acting as the structural bond between pillars [24]. The poly-
er was injected over the backside, forcing out any air remaining
nside the grooves and replacing the empty space between pads
ith the epoxy resin. After the curing of the polymer, the back-
ide surface was abraded with small grit sandpaper to remove the
xcess polymer, resulting in a smooth surface (Fig. 2c).
The epoxy resin was selected as the bonding material due to its
igh-level of adhesion to aluminum, excellent electrical insulation
nd chemical resistance [25].
With the backside deﬁned, the substrate was turned over in
rder to create the pillars. A program was performed to cut a
atrix of 3 mm deep and 250m wide pillars (Fig. 2d). Each pillar
as centered with each pad. After this dicing stage, a signiﬁcant
mount of burr was formed at the pillars’ edges. In order to
emove the burr and also to decrease the pillars’ cross section, the
rray was immersed in 20mL of aluminum etchant at 50 ◦C for
0min [26]. The etchant was constantly circulating through the
illars with the aid of a magnetic stirrer. As a result of the etching
tep, extremely thin aluminum pillars were achieved (Fig. 2e).
he pillars’ dimensions will be discussed in further detail in the
ext section. Although visually, the epoxy appeared to be slightlyon steps.
discolored by the etching bath, it remained strong enough for
normal handling.
A second step of casting was performed, this time to completely
ﬁll the space between pillars with epoxy resin (Fig. 2f). The next
cutting step had a twofold purpose: one was to sharpen the pillars’
tips to facilitate insertion into the brain tissue and the second was
to guarantee the deposition of the Platinum thin-ﬁlm only on the
tips. The tips were formed by passing a V-shaped blade on the top
of each pillar (Fig. 2g).
In the resulting surface was deposited a layer of 70nm of tita-
nium (Ti) followed by a 200nm layer of platinum (Pt). The Pt layer
will allow an efﬁcient charge transfer between the electrode and
electrolyte (neural tissue) while Ti serves as an adhesive layer. The
Ti layerwasdepositedusingelectronbeamevaporationat a starting
pressure of 2.8×10−6 mBarwhile supplying a current of 60mAand
a potential of 7 kV. The duration of the deposition was 5min and
the maximum temperature measured at the substrate was 60 ◦C.
The Pt layer deposited using DC sputtering at a starting pressure of
3.3×10−6 mBar while supplying a current of 60mA and a potential
of 7 kV. The duration of the depositionwas 3min and themaximum
temperature measured at the substrate was 45 ◦C (Fig. 2h).
Afterwards, a third step of dicing was performed to remove the
excess epoxy, resulting in the high-aspect-ratio pillars. The result-
ing pillars have a core of aluminum to serve as a pathway for neural
signals to be transmitted from the tips to the pads. The epoxy layer
serves as an electrical insulator, blocking the aluminum core to
receive unwanted neural activity (Fig. 2i). Photos of the fabrication
steps are shown in Fig. 3.
4. Results4.1. Morphological
A total of 4 arrays were used for the measurement of the array’s
dimensions. After the wet etching process the aluminum pillars
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Fig. 3. Structure fabrication. First row photos correspond to the side view and second row photos correspond to either top or bottom view: (a) aluminum substrate with pads
region delimitation; (b) pads’ grooves ﬁlled with epoxy resin; (c) pillars after dicing stage; (d) pillars after the wet-etching step; (e) casted array with tips (optical distortion
due to the convex shape of the epoxy); (f) ﬁnal array structure.
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Fig. 4. Box plot with normal distribution of the aluminum pillars after wet-etching:
width 1 and width 2).
eremeasured to verify the variation that the corrosion introduces
o theirmaindimensions. In apopulationof 20 samples, theaverage
ength was 3.09mm with a standard deviation of 0.06mm. Since
luminum is ductile and each cut creates small amounts of burr at
he pillars’ edges, it was important to observe the different widths
etween theﬁrst and second series of cutswhen creating the pillars
Fig. 3c). These cuts are perpendicular so there should be a small
ifference inwidthsbetween twoperpendicular sidesof eachpillar.
or thesemeasurements, 20 samples positioned at the perimeter of
Fig. 5. Detailed view of the ﬁnal pillars: (a) pillars lateral vngth of the pillars; (b) width of the pillars in the ﬁrst direction and second direction
each arraywereused. Allwidthsweremeasured atmiddle height of
eachpillar. Theaveragewidthwas117mfor theﬁrstdirectionand
129m for the second direction; both standard deviations were of
7m. The width difference between the two directions showed no
statistical signiﬁcance (p<0.05; T-test). Fig. 4 shows the box plot
for each group of measurements.
Fig. 5 shows themaindimensions thatdeﬁneeachpillarwith the
epoxy coating. The pillars are 3mm long and 160m wide, with a
pyramidal shaped tip. The encapsulating epoxy is approximately
iew coated with an epoxy layer; (b) tip morphology.
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Sig. 6. Mechanical insertion tests on 0.5% agar gel: (a) insertion setup. Top pictu
isplacement for the three tested speeds. The penetration moment is highlighted
eader is referred to the web version of the article.)
0m thick. We have achieved alignment accuracies of 30m
etween thewafer’s upper and back sides and of 6mbetween the
poxy layer and the aluminumpillar. The level of accuracy depends
n the optical magniﬁcation of the dicer’s microscope.
The measured tip radius was 10m. The pillars’ base is an alu-
inumblock of 400m×400m×750m. The tipmeasurement
as performed in a FEI Nova NanoSemTM 200. All other measure-
ents were performed with Leica M80TM stereo microscope and
eica LASTM software.
.2. Mechanical
The mechanical tests focused on the force required to implant
nd explant the array on agar brain phantom and also on porcine
adaver brain. The tests were performed on a Shimadzu AG-IS
ynamometer equippedwith a 50N load cell capable of a 5mN res-
lution. Agar gel has been widely used as an in vitro alternative for
rain tissue [27–29]. The insertion mechanics were tested in 0.5%
gar gel which mimics the brain cortex. Fig. 6a shows the setup
rrangement for the implantation tests. The array was attached to
he dynamometer shaft, which moved downward toward the agar
el at a predetermined speed. The shaftwas set tomove at threedif-
erent speeds, namely, 180mm/min, 120mm/min and 50mm/min.
ig. 6b shows the force applied versus the array’s displacement
oward the gel.
In Fig. 6b was observed an increase on the force applied on the
nitial stage while still subjected to the gel’s resistance until the
oment where the electrodes’ tips appear to pierce the surface.
eyond this moment, as expected, there was an abrupt drop in
he required load. After the electrode’s full penetration there was
slight increase in the curve’s slope, indicating that the array’s
ase was pushing against the gel. It could be concluded that the
aximum force coincided with the necessary load for piercing the
el and beginning implantation. By increasing the implantation
peed, the force needed to penetrate the agar increased as well.
he acquired data is summarized in Table 2.
Between the three tested speeds there is a maximum varia-
ion of force of 1.24mN per electrode. The average implantation
able 2
tatistical data of the implantation tests.
Implantation speed (mm/mim) Number of samples Average maximum force (m
50 4 119
120 4 145
180 4 150ray before implantation, bottom picture, array fully implanted; (b) force versus
red arrow. (For interpretation of the references to color in this ﬁgure legend, the
force is considerably lower than our previous thicker probe [10]
and in the same order of magnitude of Das et al. [29]. Implanta-
tion tests with similar parameters as the agar gel were performed
on porcine cadaver brain with the purpose of testing the array
robustness, these tests showed signiﬁcant tissue dimpling without
implantation success. Penetrationof theduramaterand subsequent
implantation on the brain was only possible when displacements
of four times the length of the electrodes were applied, which sug-
gests that for a high-density electrodematrix it is necessary the use
of impact insertion techniques to avoid massive tissue dimpling
and compression before penetration [30]. Successful implantation
could only be veriﬁed through explantation data, since it could
not be observed from the penetration curve. Fig. 7a shows the
withdrawal data on porcine cadaver brain while Fig. 7b shows the
data related to the agar gel. Each ﬁgure shows the key moment
highlighted by a red arrow. Moment 1 is where the brains’ surface
is in its relaxed state, in moment 2 there is a maximum tension
applied and in moment 3 there is a complete detachment between
the array and the tested material. Moment 1 happens because the
array goes from a state of actively compressing the brain tissue to a
relaxation state. The rise in tension during withdrawal is due to the
drag forces between the electrodes and the surrounding material.
This could be observed clearly in the cadaver brain as it followed
the array trajectory originating a temporary protuberance in the
region of implantation (moment 2). This was followed by a drop in
the applied tension which led to the instant where the array was
completely detached from the brain (moment 3). For the brain, the
difference in force between brain relaxation andmaximum tension
was of 66mN. This suggests that the arraywas fully implantedprior
to removal. Besides this analysis the full implantation in agar could
also be observed visually (Fig. 6a bottom).
A destructive test was performed against a glass substrate to
acquire the force needed to bend the pillars. At a displacement
rate of 5mm/min, the measured buckling load was 5N. This buck-
ling load is inferior to silicon probes since aluminum has inferior
Young’s modulus [31].
A ﬂexibility test was performed using the three point ﬂexural
test. The tested sample was 20mm wide and 9.6mm long. The
N) Standard deviation (mN) Average maximum force per electrode (mN)
8 4.76
8 5.8
2 6
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Fig. 7. Withdrawal results with key moments highlighted by red arrows. Moment 1, brain relaxation; moment 2, maximum tension; moment 3 complete detachment; (a)
porcine cadaver brain; (b) agar gel.
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Fig. 8. Three point ﬂexural test set up and results; (a) aluminum base with 15mm
orce versus displacement graph.
upport was made of aluminum with 15mm spacing between
upport points (Fig. 8a). A downward force was applied in the
iddle of the sample with a cylindrical aluminum support until
ample rupture could be observed. A maximum deﬂection before
upture of 0.8mm was achieved (Fig. 8b).
.3. Electrochemical
The electrochemical impedance characteristics of the plat-
num thin-ﬁlm were obtained using a Gamry Reference 600TMotentiostat/Galvanostat. A three-electrode chemical cell con-
guration with an Ag/AgCl reference electrode and a large area
latinum counter electrode were used. The corresponding area
f the platinum thin-ﬁlm tested as the working electrode was
ig. 9. Bode plot of the electrochemical impedance spectroscopy of the electrode in salineing between support points. The picture was taken at the moment of rupture. (b)
of 38.4mm2. The electrolyte used was a saline solution with a
concentration of 0.9% of NaCl. The experiment was carried out at
room temperature. The alternate current excitation voltage was
10mV with a frequency range from 1Hz to 1MHz. Fig. 9a shows
the Bode plot of the impedance magnitude versus frequency for
the platinum thin-ﬁlm. Three readings of the same sample were
performed for increased measurement reliability. At 1 kHz the
average impedance was 385. The impedance at this speciﬁc
frequency is of neurobiological interest because the neuronal
cell’s action potential has a duration close to 1ms, and therefore,
provides the attenuation introduced by the electrode for this range
of frequencies. The electrode exhibits a near-resistive phase angle
in the frequency range between 2kHz and 125kHz (Fig. 9b), and a
capacitive behavior for the remaining frequencies.
solution: (a) magnitude; (b) phase angle with highlight of the near resistive region.
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engineering at University of Minho, Guimarães, Portugal.A.C. Peixoto et al. / Sensors a
. Conclusions
The present work demonstrated that despite the challenges of
icromachining aluminum, it is possible to fabricate high-aspect-
atio structures employing only dicing andwet-etching techniques.
he aluminum-based substrate proved to be a possible alternative
o silicon-based arrays by offering some advantages in terms of
exibility and electrical conductivity. The fabrication approach is
ost-effective by avoiding advanced microfabrication techniques.
lthough the wet-etching step introduces some variations in the
illar’s width, the encapsulating process corrects these variations
y relying in the dicing machine’s high resolution. The electrode
rray has the ability to penetrate deeper than commercially avail-
ble arrays and is not subject to breakage during insertion. The
esult was a robust invasive neural electrode array with 3mm long
illarswith the ability to penetrate agar brain phantomandporcine
adaver brain tissue. Results showed that increasing implantation
peeds would increase penetration forces in agar gel proportion-
lly. The three point ﬂexural test showed the ability of the array to
end made possible by the combination of aluminum and epoxy
esin at its base. The platinum coating demonstrated through the
lectrochemical tests in saline solution to have the required perfor-
ance for neural tissue interface. The present fabrication method
an be applied to other metals, allowing alternate structural mate-
ials instead of silicon in the design of neural array. Overall, the
roposed design and fabrication procedure is an eligible alterna-
ive for neural signal recording and stimulation systems and also
ffers a contribution to the future of ﬂexible implantable devices.
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1. Introduction
Invasive neural interfaces capable of communication with 
neural tissue are emergent therapeutics. This approach relies 
on electrodes implanted inside the brain, restoring lost neural 
function by recording and/or electrically stimulating a large 
number of small groups of neurons. Deep brain stimulation 
(DBS) has proved to have beneficial effects in a variety of 
neurological conditions, such as Parkinson’s disease, essential 
tremor, dystonia, Tourette’s syndrome, chronic pain, epilepsy, 
depression and obsessive compulsive disorder (OCD) [1, 2]. 
Cochlear [3] and retinal [4] implants are also widely used 
in the therapy of deafness and blindness, respectively. More 
recently, studies have been trying to achieve control of artifi-
cial limbs through implantable electrodes [5, 6].
Current fabrication methods of 3D microprobe array struc-
tures can be divided into three principal branches: silicon bulk 
etched microprobe array; polymer-constructed array; and 
3D arrays assembled from 2D parts [7]. Three dimensional 
microelectrode arrays (MEA) based on silicon technologies 
are receiving a growing amount of interest, since they enable 
a pronounced increase in the number of recording sites per 
probe shaft [8]. Two well-known silicon-based configurations 
of invasive neural microelectrodes are the Michigan probe and 
the Utah Electrode Array (UEA), which are nowadays still the 
reference point to several studies [9, 10]. The Michigan con-
figuration includes single-shaft, multi-shaft and 3D layouts 
with multiple recording sites per electrode [10]. On the other 
hand, the UEA configuration comprises a 3D array of one 
hundred needle-shaped microelectrodes and each shaft has an 
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Abstract
This paper presents a detailed description of the design, fabrication and mechanical 
characterization of 3D microelectrode arrays (MEA) that comprise high aspect-ratio shafts 
and different penetrating lengths of electrodes (from 3 mm to 4 mm). The array’s design 
relies only on a bulk silicon substrate dicing saw technology. The encapsulation process is 
accomplished by a medical epoxy resin and platinum is used as the transduction layer between 
the probe and neural tissue. The probe’s mechanical behaviour can significantly affect the 
neural tissue during implantation time. Thus, we measured the MEA maximum insertion force 
in an agar gel phantom and a porcine cadaver brain. Successful 3D MEA were produced with 
shafts of 3 mm, 3.5 mm and 4 mm in length. At a speed of 180 mm min−1, the MEA show 
maximum penetrating forces per electrode of 2.65 mN and 12.5 mN for agar and brain tissue, 
respectively. A simple and reproducible fabrication method was demonstrated, capable of 
producing longer penetrating shafts than previously reported arrays using the same fabrication 
technology. Furthermore, shafts with sharp tips were achieved in the fabrication process 
simply by using a V-shaped blade.
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active tip that communicates with the neural tissue. Currently, 
UEA electrodes have a maximum length of 1.5 mm, which 
restricts their application to surface structures of the cerebral 
cortex [11–13].
The desire to increase scientific insight into the interac-
tion of neuron populations has triggered the need for longer 
penetrating electrodes. Therefore, in the last decade several 
approaches based on different technologies were developed 
to produce invasive neural interfaces with deeper electrode 
shafts. Most of these approaches include planar microfabri-
cated 2D MEA [8, 14–16] or 3D structures that are assembled 
by layers of 2D arrays [7, 17–22]. However, both approaches 
have disadvantages, when compared to technologies that 
simply rely on silicon wafer micromachining like the UEA 
array [23].
Planar electrodes have an inherent 2D nature, recording 
along a single plane of the brain, which prevents the full neu-
rons and cell activity information in 3D space. On the other 
hand, 3D MEA ensure the simultaneous monitoring and stim-
ulation of neural activity within a targeted volume of brain 
tissue with a high spatial resolution. This allows for more real-
istic and complete information of neural networks. Although 
3D arrays resulting from assembly techniques are capable of 
performing as 3D interfaces, they have some drawbacks. They 
require complex assembly steps and vertical interconnection 
to produce 3D structures. Besides this, they have a low struc-
ture strength and a large implantable opening [7]. Multiple 
active sites along the shafts are easily achieved.
Some efforts have been made to obtain 3D MEA with long 
electrodes based on silicon wafers micromachining which 
also include microwire electrical discharge machining [24] 
and self-assembled probes using a heat treatment processes 
[25] to achieve the final 3D array design. We have previously 
presented [26] an approach to fabricate 3D MEA with shaft 
lengths up to 3 mm, which use aluminum as the bulk material 
instead of silicon. Table 1 compares the 3D MEA with regard 
to their design parameters.
In this paper we will focus on technologies that rely on 
wafer dicing to define the 3D array and to achieve longer elec-
trode shafts. The final 6 × 6 matrix comprises three different 
lengths for the shafts, the longest being 4 mm and the shortest 
3  mm. The fabrication process is characterized by its sim-
plicity, low-cost and reproducibility. Since depths of up to 
4 mm are reached, the proposed electrode matrix enables the 
recording/stimulation of deeper neural structures than the cer-
ebral cortex, such as a rat’s hippocampus. This neural structure 
is a frequently used research model for exploring both normal 
and pathological conditions of the nervous system, including 
the processes involved in memory and learning as well as neu-
rodegenerative diseases [27].
Mechanical characterization of the final array was also 
performed using a 0.5% agar gel phantom and a porcine 
cadaver brain, in order to measure the MEA’s maximum 
insertion and withdrawal forces. Mechanical characterization 
of arrays is essential, since some of the leading hypotheses 
for the failure of neuroprosthesis relate to acute injury caused 
by insertion [28].
2. MEA design
The developed neural MEA consists of 36 sharp electrode 
probes fabricated on a silicon substrate. The structure com-
prises three different electrode lengths: 3 mm, 3.5 mm and 
4 mm. Its structure is divided into three regions: a support 
base region, the electrode body (shaft) and a piercing region 
(sharp tip) that is simultaneously the recording/stimulating 
region, as shown in figure  1(a). The square support base 
region measures 3.45 × 3.45 mm2 and the electrode’s shaft 
is 150 µm wide. The base region is supported by an epoxy 
filling, which also allows interelectrode electrical isolation. 
The wide electrode shaft is designed to be robust enough 
to withstand implantation. After the insulation process of 
the array, each shaft ends up with a width of 180 µm along 
the electrode length. The sharp tip at the shaft’s end corre-
sponds to a recording/stimulating region which is covered 
by a titanium (Ti) and platinum (Pt) layer. Ti serves as the 
adhesion promoter for the Pt thin film, which is the material 
that interfaces with the neural tissue. Pt was selected due to 
it’s biocompatibility and impedance characteristics [29]. The 
Table 1. Comparison of design parameters between some silicon-based 3D MEA.
Reference Array dimension
Array fabrication 
method
Number of 
electrodes 
per shaft Number of shafts
Length 
(mm)
Width 
(µm) Thickness(µm)
[8] 9 1, 4 8 140 100
[14] 2D Dry silicon 3 4 10 100 50
[15] etching process 8 4, 8 7–8 — —
[16] 188 1, 4 4 180 300
[20] 16 (8 × 8) 2 5 190 50
[7] Silicon 4 16 (4 × 4) 6 100 250
[17] 3D array micromachining 1 128 (8 × 16) 1–2.5 40 15
[18] by 2D parts and 1 16 (4 × 4) 1.2 50 12
[19] assembly assembly 8 32 (4 × 8) 3.3 144 80
[21] processes 5 16 (4 × 4) 2, 4.5, 8 140 100
[22] 4 16 (4 × 4) 4 60 —
[25] 3D Wet-etching 4 4 (2 × 2) 4 200 30
[24] array μ-WEDMa 1 100 (10 × 10) 5, 9 200 200
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electrode tips are placed 600 µm from each other. Figure 1(b) 
shows the schematic of the final 3D MEA design.
3. Fabrication process
Figure 2 illustrates the process flow of the 3D MEA fabrica-
tion, whose design is exclusively accomplished by a dicing 
saw that patterns the silicon substrate. The cutting stages are 
performed on a Disco DAD 2H/6T dicing machine, equipped 
with a Disco NBC–ZB diamond grit blade capable of per-
forming cuts 4 mm deep and 150 µm wide at a cutting speed 
of 0.3 mm s−1. Some modifications had to be made in the way 
the dicing machine performs the Z-axis calibration in order 
to cut samples that are higher than the 2  mm limit of the 
machine. By placing an aluminum spacer between the blade 
and the sample holder, it is possible to cut at heights up to 
4 mm. This spacer is manually introduced just for the set-up 
of the machine and is removed afterwards. The height of the 
spacer is the difference between the pretended height and the 
2 mm limit.
The array is fabricated out of a [1 0 0] p-type boron-doped 
silicon wafer with 1.3 mΩ.cm resistivity and a thickness of 
5 mm (figure 2(a)). The fabrication process starts by making 
a set of 1.5  mm deep cuts on the backside of the silicon 
substrate to create squared pad regions with dimensions of 
0.45 × 0.45 × 1.5 mm3 (figure 2(b)). The pad regions repre-
sent the electrical contacts of each electrode in the array. The 
next step consists of filling the grooves with a non-conductive 
epoxy resin (Loctite® Hysol 9492) in order to electrically 
isolate each electrode from its neighbours (figure 2(c)). The 
epoxy excess is removed through grinding and polishing. 
After cutting the electrode shafts, the epoxy resin is used to 
cluster all shafts in a single structure.
Afterwards, the front side of the silicon substrate is diced 
to produce three steps with different heights. This is accom-
plished by multiple closely-spaced dicing cuts, in order to 
remove all the silicon between cuts. Each of these closely-
spaced cuts produces a step that is 0.5 mm shorter than the 
previous one. Thus, the set of cuts for the higher shafts are 
performed at the substrate’s surface, followed by a set of 
cuts 0.5 mm deeper and so on, as shown in figure 2(d). The 
next step consists of the shaft’s formation, which results in a 
6 × 6 matrix. Two sets of deep orthogonal cuts are made on 
the upper side of the silicon substrate. The backside pads that 
are initially 1.5 mm deep are reduced at this step to a thick-
ness of 0.5 mm, connected by a 0.15 mm wide layer of epoxy 
9492. The result of this dicing step is 36 0.15 × 0.15 mm2 wide 
shafts with penetrating depths of 3 mm, 3.5 mm and 4 mm 
(figure 2(e)). This technology also allows other combinations 
of shaft lengths, suitable for other applications.
After the shafts are properly shaped and electrically insu-
lated from each other, it is necessary to encapsulate the array. 
This is accomplished by placing the array into a square mold 
filled with a medical epoxy adhesive (Loctite® M-31CL™), 
which after curing will result in a complete covering of the 
array with a biocompatible resin [30] (figure 2(f)). The pad 
regions provide electrical access to each shaft, so the med-
ical epoxy layer in the array’s backside is removed through 
grinding and polishing.
In order to smooth the process of the electrodes' implan-
tation into the neural tissue, sharpening of the shaft tips is 
performed. Since the blunt shafts comprise different lengths, 
this step has to be completed once again at increasing depths 
with an index of 0.5 mm between cuts. Therefore, graded and 
sharpened shafts are produced, as shown in figure 2(g). This 
dicing step is accomplished by a V-shape 250 µm thick Disco 
Z09 blade that makes a 60° angle with the surface. The cutting 
speed is 0.5 mm s−1. The sharp tips formation is accomplished 
at this step so the area of the transduction layer can be prop-
erly controlled, exposing only the sharp tips of the shafts.
The next step is the deposition of the transduction layer in 
order to convert the silicon shafts into active electrodes for 
recording or stimulation (figure 2(h)). The transduction layer 
consists of 50 nm of Ti and 200 nm of Pt layers. The Pt layer 
will allow an efficient charge transfer between the electrode 
and the neural tissue while Ti serves as an adhesive layer. The 
Ti layer was deposited using electron beam evaporation at a 
Figure 1. (a) 3D schematic of the MEA after the dicing saw process to create the array design. At this step of the fabrication process the 
high-aspect-ratio and different penetrating lengths of electrodes can be seen; (b) transversal cut of the 3D final array showing the insulation 
and transduction layers.
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starting pressure of 8.6 × 10−6 mBar while supplying a current 
of 8 mA and a potential of 7 kV. The duration of the deposi-
tion was 2 min (deposition rate approximately 5 Å s−1) and the 
maximum temperature measured at the substrate was 60 °C. 
The Pt layer was deposited using DC sputtering at a starting 
pressure of 1 × 10−2 mBar while supplying a 40 sccm of Argon, 
a current of 40 mA and a potential of 302 V. The duration of 
the deposition was 251  min (deposition rate approximately 
0.15 Å  s−1) and the maximum temperature measured at the 
substrate was 37  °C. Both depositions are performed in the 
same vacuum environment, so that the Pt layers are deposited 
over the Ti layers before they are exposed to the atmosphere.
The final 3D array is accomplished by removing the excess 
of the medical epoxy. Once again two sets of deep orthogonal 
cuts are made on the upper side of the silicon substrate, leaving 
each shaft with a thin layer of medical epoxy (figure 2(i)). 
The result of this dicing step is thirty-six 180 × 180 µm2 wide 
shafts with penetrating depths of 3 mm, 3.5 mm and 4 mm.
4. Results
4.1. Fabrication process
The results of the 3D MEA fabrication are shown in figure 3, 
which comprises transversal and 3D views of each fabrica-
tion step. All photos and measurements were performed with 
a Leica M80™ stereo microscope and Leica LAS™ soft-
ware. Figure  3(a) shows the thick silicon substrate which 
undergoes a dicing process to create the 3D MEA. The dicing 
step result to create the electrical contact pads is shown in 
figure  3(b) at multiple views. The initial pad regions are 
0.45 × 0.45 ± 0.013 mm2 wide and 1.5 ± 0.027 mm deep.
The result of filling the grooves with epoxy resin is shown 
in figure 3(c). In figure 3(d) one can see the staircase effect on 
the upper side of the silicon substrate, in order to produce flat 
shafts. The shafts created are 4 ± 0.017 mm, 3.5 ± 0.009 mm 
and 3 ± 0.014 mm deep and 0.15 ± 0.005 mm wide as shown 
in figure 3(e). At this stage, the final contact pad lengths are 
set to 0.5 ± 0.043 mm. The results of the insulation process are 
shown in figure 3(f) and one can see that the total shaft area 
is encapsulated by the medical epoxy layer. In figure  3(g), 
the result of dicing the sharp tips is shown. Figure 4 shows 
the array’s shafts with the sharp tips, which have lengths of 
0.15 ± 0.006 mm and a radius tip of 2.41 µm. The tip measure-
ment was performed in a FEI Nova NanoSem™ 200. The final 
3D MEA can be seen in figure 3(h).
A 6  ×  6 matrix of electrodes with different penetrating 
depths spacing each electrode by 600  µm and insulated by 
a 15 ± 3.6 µm layer of a medical epoxy resin was success-
fully produced. The final characteristics of the array are 
summarized in table 2. During the final cutting step, only the 
shaft’s body undergoes a dicing process. Thus, Ti/Pt transduc-
tion layers on the shaft’s tips are able to withstand this step. 
Although we have presented a detailed process flow with a 
single array sample, the proposed 3D arrays are compatible 
with a batch-scale fabrication process.
4.2. Mechanical characterization
The 3D MEA robustness was characterized by measuring 
the compressive failure forces of the shafts and the array’s 
bending force. We also measured the load required to implant 
and extract the array into a substrate of 0.5% agar gel and a 
porcine cadaver brain. A total of five porcine cadaver brain 
Figure 2. Cross-sectional drawings of the fabrication steps. (a) Silicon substrate; (b) pads’ region fabrication; (c) adhesive filling with 
epoxy 9492 resin; (d) silicon steps produced by closely-spaced cuts; (e) blunt shafts with lengths of 4 mm (left), 3.5 mm (centre) and 3 mm 
(right), spaced 0.6 mm apart; (f) array’s encapsulation by medical epoxy M-31CL resin; (g) diced sharp shaft tips at different depths; (h) 
deposition of Ti/Pt layers; (i) medical epoxy removal by dicing.
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samples were used. They were conserved at −18 °C for 12 h 
and 30 min before the mechanical tests they were preserved at 
5 °C. During the tests, both gel and brain tissue were exposed 
to the room temperature.
The tests were performed on a Shimadzu AG-IS dynamom-
eter equipped with a 50 N load cell capable of a 5  mN 
resolution. For the longitudinal compressive failure force 
tests, due to the high forces involved a 500 N load cell with 
50 mN resolution was used. The implantation and withdrawal 
tests include three different speeds. Only 4 mm shafts com-
posed the tested 6 × 6 arrays in order to represent the worst 
case scenario.
The array’s mechanical characterization focused on its 
robustness. The electrodes' compressive failure forces were 
measured as well as the array’s base bending force. The setup 
photo and load versus displacement graphic results are shown 
in figure 5. In longitudinal compression tests (figure 5(a)), the 
shafts withstand a load of approximately 68.37 ± 8.63 N before 
breakage. Figure 5(b) shows the axial compression failure tests 
on single shafts. The array is horizontally placed in a support 
made of aluminum with a 15  mm spacing between support 
points. An aluminum block made a downward displacement 
until it reaches the shaft at 2/3 of its height. The results show 
that up to 60 mN is required to break a single shaft. In order to 
measure the array’s base bending force, a three point flexural 
test was used. The tested sample was 19.2 mm wide and 4 mm 
long (figure 5(c)). A downward force was applied in the middle 
of the sample with a cylindrical aluminum support until sample 
rupture could be observed. A maximum deflection before a 
rupture of 0.3 mm was achieved with a required load of 1.8 N.
We also measured the array’s insertion and withdrawal 
forces (10 separate samples for each test) into two different 
Figure 3. Transversal (top) and 3D photos (bottom) of the array fabrication steps. (a) Silicon substrate; (b) diced contact pads; (c) filling 
with epoxy 9492 resin; (d) diced substrate’s upper side to produce three steps; (e) diced blunt shafts with lengths of 4 mm (left), 3.5 mm 
(center) and 3 mm (right), spaced 0.6 mm apart; (f) array’s insulation by medical epoxy resin; (g) diced sharp shaft tips at different depths; 
(h) medical epoxy removal by dicing, producing a 6 × 6 matrix of electrodes.
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substrates: 0.5% agar gel and a porcine cadaver brain. Agar 
gel was used as an in vitro alternative for brain tissue [31, 
32]. Figures  6(a) and (d) demonstrates the setup arrange-
ment for the implantation analysis on agar and brain tissue, 
respectively. The array was attached to the dynamometer shaft 
(positioned perpendicular to the substrate surface), which 
moved downward towards the substrate at a predetermined 
speed. After penetration, the dynamometer shaft paused for 
30  s before initiating the withdrawal tests, where the probe 
returned to its initial position, removing it from the tissue. 
The shaft was set to move at three different speeds, namely, 
180 mm min−1, 120 mm min−1 and 50 mm min−1. The surfaces 
of the substrates were determined by manually lowering the 
array until a small force was registered on the load cell. The 
array was then raised slightly just until the load on the probe 
returned to zero.
Figures 6(b) and (e) shows the force applied versus the 
array’s displacement towards the gel and brain, respectively. 
Each figure shows the key moment highlighted by a number. 
In both insertion tests, we observed an increase in the force 
applied on the initial stage while the array is still subjected 
to the gel or brain’s resistance until the moment where the 
electrode tips pierce the surface. Beyond this moment, as 
expected, there was an abrupt drop in the required load, which 
corresponds to moment 1, identified in the figures. After the 
electrode’s full penetration there was a slight increase in the 
curve’s slope, indicating that the array’s base was pushing 
against the gel or brain’s surface (moment 2). The withdrawal 
test results on agar and the brain are shown in figures  6(c) 
and (f), respectively. In moment 3 there is a maximum tension 
applied until a complete detachment between the array and the 
tested material is accomplished (moment 4). The rise in ten-
sion during withdrawal is due to the drag forces between the 
electrodes and the surrounding material. Table 3 summarizes 
the acquired data on the implantation and withdrawal tests.
4.3. Electrochemical characterization
In vitro electrochemical impedance spectroscopy (EIS) was 
used to perform electrochemical characterization. The surface 
area of the Pt films was 0.02 mm2. The impedance measure-
ments were performed in a Gamry system (Gamry Instruments, 
Reference 600™), using a standard three-electrode configura-
tion. A large-area platinum foil (40  ×  40  ×  0.25  mm3) was 
used as a counter electrode and an Ag|AgCl reference elec-
trode. The electrolyte employed was a 0.9% NaCl solution. 
Impedance (Z) was measured for frequencies from 1  Hz to 
1 MHz at a constant 10 mV AC voltage. All measurements 
were made at room temperature.
At 1 kHz, in vitro EIS measurements showed an average 
impedance of 68 kΩ for Pt thin-films. The impedance at this 
specific frequency is of neurobiological interest because the 
neuronal cell’s action potential has a duration close to 1 ms 
and therefore, provides the attenuation introduced by the 
electrode for this range of frequencies. Figure 7(a) shows the 
Bode plot of the impedance magnitude versus frequency for 
the sputtered Pt thin-film. Three readings of the same sample 
were performed for increased measurement reliability. The 
electrode exhibits a capacitive behaviour in all the frequency 
ranges (figure 7(b)).
5. Discussion and conclusion
This paper proposed a different fabrication method of 3D 
silicon-based neural MEA with long electrodes of different 
penetrating depths. The 3D arrays were patterned relying only 
on dicing saw technology and successfully producing a matrix 
of 6 × 6 electrodes. Arrays of up to 4 mm long, 180 µm wide 
and individually addressable were fabricated. The described 
fabrication process is simple, reproducible and robust enough 
for batch fabrication.
Table 2. Summary of geometrical properties of the fabricated 3D 
probes arrays.
Array’s dimensions 3.45 × 3.45 mm2 Shaft 
width
180 µm
Contact pad width 0.45 × 0.45 mm2 Shaft 
length
3, 3.5 and  
4 mm
Contact pad height 500 µm Tip 
length
150 µm
Space between shafts 600 µm Tip 
radius
2.41 µm
Figure 4. SEM images of (a) the array’s sharp shafts, (b) the tip’s height of approximately 150 µm and (c) the radius tip of 2.41 µm.
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Wang et al [25] presented a self-assembled array probe 
based on silicon wet-etching micromachining to produce the 
array design and use heat treatment processes to achieve the 
final probe. Although it creates shafts 4 mm deep, this tech-
nology is limited to the number of shafts in the array (see 
table 1). Rakwal et al [24] introduced a fabrication process 
(μ-WEDM) capable of producing a 10 × 10 array with shaft 
lengths up to 9 mm. Although this sounds like a promising 
method, it is not standard industry technology. On the other 
hand, the fabrication process used in this paper employs 
standard micromachining technology. Moreover, the reported 
sharp tips have been realised through silicon etching processes 
[33, 34]. The proposed fabrication method avoids etching pro-
cesses, producing the sharpened shaft tips with a set of dicing 
cuts using a V-shaped blade.
The final 3D probe also comprisees different shaft lengths: 
4, 3.5 and 3 mm. This technology is compatible with different 
lengths and also a superior number of different shaft heights 
Figure 5. Mechanical failure tests. The first row of photos corresponds to the setup arrangement and the second row to the force versus 
displacement graphic for the three tests. (a) Longitudinal and (b) axial compressive force and (c) bending force.
Figure 6. Experimental setup photo used in the mechanical tests on (a) 0.5% agar gel. Displacement versus force graphic for the (b) 
insertion and (c) removal tests on agar gel at different speeds. (d) Setup photo for the tests on the porcine cadaver brain. Displacement 
versus force graphic for the (e) insertion and (f) removal tests on the porcine brain at a velocity of 180 mm min−1.
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that may be changed depending on the desired application. 
Probes with different penetrating depths allow us to reach a 
wider spatial region and decrease the number of redundant 
electrodes, providing a more selective recording and stimu-
lating of the neural tissue. For in vivo applications, the brain’s 
opening required to implant the proposed MEA is defined 
by the backside end of the array, which is approximately 
3.45  ×  3.45  ×  mm2. This are more favourable results com-
pared to the reported compact array, with opening areas of 
5.7 × 4 mm2 [19] and 5 × 5 mm2 [21].
The mechanical characterization shows a robust MEA. 
Results showed that the longer shafts withstand a longitudinal 
compressive load of approximately 68 N before the electrodes 
break and it requires a 1.8  N load before the array’s base 
rupture. The electrodes are more fragile when an axial com-
pression is applied, breaking with a 60 mN load. Nevertheless, 
the insertion force required to penetrate the brain reported in 
literature is of the order of several mN [28, 35, 36], which 
indicates that these MEA are strong enough to withstand the 
forces required at implantation time.
Many designs of long probes fail (crack or shatter) during 
implantation as they are unable to withstand the insertion 
axial forces, retraction forces and tension forces of the brain 
tissue [37]. Thus, the array’s insertion and withdrawal forces 
have been quantified using a brain cortex phantom (0.5% agar 
gel) and a porcine cadaver brain. In both the agar gel and brain 
tissue, none of the tested samples showed any sign of shaft 
breakage during and after the mechanical tests.
In the agar tests different penetration and withdrawal 
speeds were applied. Although average load values seemed 
to increase along with the increased speed of the test, the 
large standard deviation values (especially at 120 mm min−1) 
do not allow it to reach a correlation between the increased 
speed and load. However, low insertion speeds are expected 
to result in lower required loads, since they have the advan-
tage of generating minimal vibration and mechanical shock 
to the tissue inserted while inserting electrodes, allowing 
the implantation surface to accommodate the probe more 
successfully [28, 35]. Also, as expected, higher loads are 
consistently required to pierce the arrays into the substrates 
than to withdraw them, since the only force involved in with-
drawing tests are the drag forces between the electrodes and 
the surrounding material. However, by comparing agar and 
brain tissue results, we can conclude that the insertion and 
withdrawal results are highly dependent on the insertion mate-
rial. This is because agar gel phantoms do not incorporate the 
heterogeneous composition of neural tissue, which will have 
considerable impact on the dynamics of insertion and tissue 
deformation. Brain tissue insertion tests performed at a lower 
speed (50 mm min−1 and 120 mm min−1) showed significant 
tissue dimpling without implantation success. High speed 
insertion tests (180 mm min−1) were successful, resulting in 
maximum forces with a magnitude six times higher than with 
agar to penetrate the electrodes. This difference in magnitude 
can be explained by the required force to pierce the brain’s 
dura matter layer.
Jensen et al [35] demonstrated that the insertion forces 
increase with the number of shafts within the array. Thus, 
the results obtained are consistent with those reported in the 
order of several mN, higher in magnitude due to the increased 
number of shafts (36 electrodes). In both agar and brain tissue, 
the required insertion and withdrawal forces per electrode are 
Table 3. Statistical data of the implantation and withdrawal tests. The number of samples was 10 for each test. The presented values 
correspond to the average maximum force measured in each test.
Material
Speed 
(mm min−1)
Implantation 
force (mN)
Force per 
electrode (mN)
Withdraw 
force (mN)
Force per 
electrode (mN)
50 87.04 ± 8.93 2.42 68.6 ± 7.58 1.91
0.5% Agar Gel 120 94.75 ± 31.37 2.63 68.57 ± 9.49 1.93
180 95.45 ± 14.49 2.65 74.23 ± 8.25 2.06
Porcine brain 180 444.54 ± 90.37 12.5 250.53 ± 30.54 6.96
Figure 7. Bode plot of the EIS tests in saline solution: (a) magnitude; (b) phase angle.
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within this range. The results on the agar gel and the brain’s 
maximum force per electrode are in the same of magnitude 
obtained by Das et al [32]. Other studies [28, 36] have been 
performed in order to measure the insertion forces in a rat’s 
brain, obtaining lower magnitudes of force than those obtained 
in this paper. These results were achieved due to the fact that 
the dura matter were removed previous to the insertion test 
and only pia matter had to be penetrated at implantation time.
Overall, the proposed design and fabrication procedure 
is an eligible alternative for long 3D MEA technology that 
allows neural signal recording and stimulation. It also offers 
a contribution to future studies addressing the importance of 
additional insertion parameters for optimal device insertion.
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